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of ihe claimed invention. Specifically, it is stated in the Office Action that "[sjwppon for the 
limitation* of 'values of greater than 24 to 28% aluminum' in claim 8, 'under deposition 
conditions to . . .', values of greater than 24 to 28% aluminum and 8 to less than 18 wt. % 
platinum, average nickel concentrations, 'so as to be non-stoichiometric . . .,' and 'oxidizing the 
aluminide layer . . in claim 29, values of greater than 24 to 28% aluminum and values of 8 to 
less than 18 wt% platinum in claim 56, and values of greater than 24 to 28% aluminum and 
values of 8 to less than 18 wt% platinum and the claimed average nickel concentrations in claim 
89 is total ly lacking in the application as originally filed." Office Action at p. 2. As an initial 
matter, claim 47 was amended in Applicant's Amendment dated April 3, 2002 to include the 
limitations of now-canceled claim 29, and claim 73 was amended to include the limitations of 
now-canceled claim 56. Applicant will address the above-enumerated claim rejections for 
claims 29 and 56 in the context of claims 47 and 73. 

Applicant respectfully submits that support for each of these claim limitations was 
present in the application as originally filed, a* is detailed below. 

Claims 8 to 10. 12 and 13 

Claims 8 to 10, 12 and 13 were rejected under 35 U.S.C. § 1 12, first paragraph because 
allegedly "tsjuppon for the limitations of 'values of greater than 24 to 28% aluminum' in claim 8 
... is totally lacking in the application as filed." Office Action at p. 2. Applicant respectfully 
submits that Fig. 4, along with the accompanying discussion of Fig. 4, discloses that amounts of 
aluminum greater than 24 weight % up to and including about 28 weight % in the platinum- 
uluminide region may be used. See, e.g., Fig- 4 (disclosing aluminum weight ranges from 18 to 
about 31 weight %). 
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Applicant submits that the rejection of "values of greater than 24 to 28% aluminum" in 
claim 8 is unsupported- The Examiner rejected this limitation under 35 U.S.C. § 1 12, first 
paragraph on the grounds that "the disclosure specifically states that outside the range of ... 18 
to 24% aluminum, the protection afforded is decreased . - - different results are clearly indicated 
for values . . . greater than 24% aluminum." Office Action at p. 7. The Examiner concludes, 
with no support, that "hence [the range of 24 to 28% aluminum! is not part of the invention 
described in the specification giving the desired results." Id. 

As an initial matter, Applicant notes that the Examiner agrees that Fig. 4 discloses a 
range from 18 to 30 wt. % Al. W- Vet, Applicant submits that the Examiner has impermissibly 
added an upper limit of 24 wt. % Al to the claims from the specification, which should be 
withdrawn for a number of reasons. See in re Prater , 415 F.2d 1393, 1404-05 (C.C.P.A. 1969) ^ 
(limitations of the specifications should not be read into a claim where no express statement of ^ 
the limitation is included in the claim). 

Applicant submits that the Examiner has not met his initial burden of presenting evidence 
or reasons why persons skilled in the art would not recognize in an applicant's disclosure a 
description of the invention defined by the claims. See In re Wenheim, 541 F.2d 257, 262, 191 
U.S T P.Q. 90, 96 (C.C.P.A. u>7fii: Ex pane Sorenson. 3 U.S.P.Q.2d 1462, 1463 (B.P.A.I. 1987); 
MPEP § 21 63.04. The reasons given by the Examiner imply that coating performance required 
to meet some undefined "desired results" of the invention are not met in the rejected range of 24 
to 28 wt.% Al. Applicant submits that no support is provided for determining what the Examiner 
perceives the Applicant's "desired results" to be, and respectfully requests thai, if the Examiner 
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continues to reject this claim for this reason, he provide an objective reference of "desired ^ 
results" such that the Applicant may meet thai basis for rejection. 

Second, Applicant submits that the claims of the application, as filed, claim coatings with 
performance that fall within embodiments that are now covered by the rejected claim limitation 
of about 24 to 28 wt. % Al For example, according to claims l and 8 as originally filed, the 
claimed range of about 1 8 to 24 wt. % Al. in conjunction with the claimed range of about 1 8 to 
45 wt.% Pi, covers any number of coatings that provide performance of less ihan or equal to 3.5 
hours of relative life of the coating measured in hours of exposure per mil of coating when tested 
in a burner rig in a high- velocity 0.5 ppm sail environment at 2l50°F. Application at Fig. 4. 
Yet, embodiments in ihe rejected range of aboui 24 to 28 wi. % Al thai likewise show the 
identical expected life of less than or equal to 3.5 hours have now been rejected as allegedly not 
capable of achieving ihe "desired results." Specifically, embodiments having abom 8 to about 30 
wi.% Pt and 24 to 28 wt.% Al indicate the same performance or even better performance of 
relative life as embodiments having about 18 wr.% pt and about 20 to 24 wt.% Al. A coating 
having 26 to 28 wi.% Al and from aboui 8 10 about 16 wt.% Pi actually shows a relative life of 
greater than or equal to 4.0 hours which is an improvement over those embodiments covered by 
the initially drafted claims with an upper relative life of about 3.5 hours. Yei, the Examiner has 
determined lhai these embodiments having identical or bener performance do not display 
"desired results." This conclusion is not supportable. 

Applicant did nui represent in the application that 24 wt.% Al was a critical upper 
limitation on Al concentration lhat must be included in ihe claims. Applicant respectfully 
submits that the application as filed shows that an embodiment having a relative life of as low as 
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Jess than or equal to 3.5 hours fell within the scope of me claims of the invention, and that 
information would be conveyed to a person of ordinary skill in the art based on the original 
specification including the claims and also Fig. 4. Applicant therefore requests that this rejection 
be withdrawn for all of claims 8 to 10, 12 and 13 in its entirety. 
Claim 47 

Claim 47 is a method claim for forming a thermal barrier coating on a substrate, and me 
first step thereof reads, "chemical vapor depositing a diffusion aluminide layer on the substrate 
which includes a nickel base superalloy substrate under deposition conditions effective to 
provide an outer aluminide layer region comprising a solid solution intermediate phase and an 
inner diffusion 2one region proximate the substrate . . Applicant submits that the limitation of 
an outer aluminide layer region with a solid solution intermediate phase and an inner diffusion 
zone region proximate the substrate is supported in the application as tiled as follows. The 
substrate comprises a nickel base superalloy bulk composition, with a surface region at the 
substrate surface. Application at p. 3, lines 3 to 5. The surface region is mat portion of the 
coating made according to the invention by me deposition and diffusion of platinum and 
aluminum which preferably has an integrated aluminum content of at least 18 wt. %. 
Application at p. 5, lines 6 to 14 and lines 16 to 22; p. 8, lines 1 8 to 21. The surface region, also 
referred to as the platinum-aJumimde region, is depicted in Figs. 2A and 2B as elements 34, 36 
which has been deposited on the surface 31 of the substrate 32. See Application at p. 5 at lines 7 
toll. 

The application further discloses that "the chemical compositions of the platinum- 
aluminide region 34, 36 and The ponion of the Substrate 32 Immediattly adjacent 10 xhe 
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platinum-aluminide region 34. 36 vary as a function of depth below the surface::" See 
Application at p. 7, lines 27 to 30 (emphasis added). Thus, there is a region comprising both a 
plaiinum-alumintde region 34, 36 (the surface region) and the portion of the substrate 32 
immediately adjacent to the platinum-aluminide region 34, 36 that have chemical compositions 
that vary as a function of depth below the surface, with the platinum-aluminide region 34, 36 (or 
surface region) defined as that portion having at least about 18 wt. % Al concentration. 
Application at p. 8, lines 18 to 21. Conversely, this description denotes that there is a portion of 
the substrate where the chemical composition does not vary as a function of depth below the 
surface as supported by the disclosure that ~[t]he remainder of the composition ... is formed of 
components of the bulk composition of the substrate alloy, which is high at a large depth below 
rhe surface 31 and decreases to a lower value immediately adjacent to the surface 31." See 
Application at p. 8, lines 1-4 (emphasis added). 

As can be seen from these passages, Applicant disclosed that there is a region of varying 
chemical composition that varies as a function of depth below the surface which includes both a 
platinum-aluminide region 34, 36 and a portion of the substrate 32 that is located immediately 
adjacent to the platinum-aluminide region. In addition, Applicant disclosed that there is a 
portion of the substrate where the bulk substrate composition is high at a large depth below the 
surface 31 and does not vary as a function of depth below the surface. 

Thus, Applicant disclosed in the application as filed that the coating according to the 
invention includes: (1) a platinum-aluminide region 34, 36 which corresponds to the "solid 
solution intermediate phase" of claim 47; (2) a portion of the substrate 32 immediately adjacent 
to the platinum-aluminum region 34, 36 where chemical composition varies as a function of 


Received from < >at 11/15/02 5:56:17 PM [Eastern Standard Time] 


1 1-15-02 05:58pm Frora-HUNTON AND WILLIAMS T-037 P. 14/82 F-085 

PATENT 

Attorney Docket No. 13DV-13434 
21619.000091 
Page 1 1 

depth below ihe surface which corresponds to the "inner diffusion zone region proximate the 
substrate" of claim 47; and (3) a portion of the substrate 32 where the bulk substrate composition 
is high and does not vary as a function of the depth below the surface, which corresponds to the 
"substrate" of claim 47. Together, the platinum-aluminide region 34, 36 and the portion of the 
substrate 32 in which the chemical composition varies as a function of depth below the surface 
3X comprise the "outer aluminide layer region" of claim 47. 

There is no requirement that the subject matter of claim 47 be described literally in order 
to satisfy the written description requirement. See MPEP § 2163.02. Rather, this disclosure 
satisfies 35 U.S.C. § 112, first paragraph because it reasonably conveys to those skilled in the an 
that Applicant had possession of the subject matter of ibis claim limitation at the time of the 
filing of the application, namely an article including a nickel base superalloy and having a 
plaiinum-alummide coating that comprises (1) the platinum-aluminide r egion;.(2) the diffusion 
zone proximate the substrate surface; and (3) that portion of the substrate where the bulk 
substrate composition is high and does not vary as a function of depth below the surface. A 
ceramic layer may be added to create a thermal barrier coating system. 

Based on this support. Applicant respectfully requests that the rejection under 35 U.S.C. 
§ 1 12, first paragraph for the limitation of claim 47 "under deposition conditions effective to 
provide an outer aluminide layer region comprising a solid solution intermediate phase and an 
inner diffusion 2one region proximate the substrate" be withdrawn. 

It is stated in the Office Action that claim 47 sets forth "values of 24 to 28% aluminum 
and values of 8 to less than 18 wt. % platinum" which allegedly are not supported in the original 
application as filed. Applicant respectfully submits that Fig. 4, along with the accompanying 
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discussion of Fig. 4, discloses (hut amounts of aluminum from about 24 to about 28 wt.% and 
platinum less than 18 weight % in the platinum-aluminide region may be used. See. e.g.. fig. 4 
(disclosing aluminum weight ranges from about 18 to about 31 % and platinum weight ranges 
from 0 to about 45 weight %). 

For the same reasons given above in the discussion of the same rejection for claim 8, 
Applicant submits that the claimed range of about 24 to about 28 wt.% Al is supported in the 
application as filed based on at least the reason that any number of embodiments that fall within 
this range, according to Fig 4, display equivalent or eyen better performance m relative life than 
embodiments included in the weight range of Al claimed as originally filed. Therefore the 
application as filed conveyed to one of ordinary skill in the art that coating compositions having 
24 to 28 wt.% Al provides greater than or equal to 3.5 hours of relative life would be included 
within the invention. 

Applicant submits that the rejection of "values of 8 to less than 18 wt. % platinum" m 
claim 47 is likewise unsupported as is the rejection for values of about 24 to about 28 wt.% Al. 
The Examiner likewise rejected this limitation under 35 U.S.C. § 1 12, firsi paragraph on the 
grounds that "lw]hen viewing values of platinum at less than 18 percent in consideration of the 
aluminum value of 18 to 28 %, the coaling performance has no life or very poor life. It is cleur 
from figure 4 that applicants did not have possession of platinum values of 8-18% ... to achieve 
meir desired results." Office Action at p. 7. Applicant notes that the Examiner agrees rhat Fig. 4 
discloses a range from 0 to 45 wt. % Pi. M Yet, Applicant submits that the Examiner has 
impermissibly added a lower limit of 18 wt, % Pt to ihe claims from the specification, which 
should be withdrawn for a number of reasons. See In re Prater. 415 F.2d 1 393, 1404-05 
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(C.C.P.A. 1969) (limiiaiions of the specifications should not be read into a claim where no 
express statement of the limitation is included in the claim). 

Applicant submits thai the Examiner has not met his initial burden of presenting evidence 
or reasons why persons skilled in the art would not recognize in an applicant's disclosure a 
description of the invention defined by the claims. See In re Weriheim, 541 F.2d 257, 262, 191 
U.SP.Q. 90, 96 (C.C.P.A. 1976); Fx pane Sorenson . 3 U.S.P.Q.2d 1462, 1463 (B-P-A.f. 1987); 
MPEP § 2163.04. The reasons given by the Examiner imply coating performance required to 
meet some undefined 'desired results" are not met in the rejected range of 8 to IS wt.% Pi, given 
the range of 18 to 28 wt. % Al. Applicant submits that no support is provided for determining 
what the Examiner perceives the Applicant's "desired results" to be, and respectfully requests 
ihat, if the Examiner continues to reject this claim for this reason, he provide un objective 
reference of "desired results" such that the Applicant may meet that basis for rejection. 

Second, Applicant submits that the claims of the application, as filed, claim coatings with 
performance that fall within embodiments that are now covered by the rejected claim limitation 
of about S to 1 8 wt. % Pi. For example, according to claims 1 and 8 as originally filed, the 
claimed range of about 18 to 24 wt. % Al, in conjunction with the claimed range of about 18 to 
45 wt.% Pi, covers any number of coatings thai provide performance of less than or equal to 3.5 
hours of relative life of the coating measured in hours of exposure per mil of coating when tested 
in a burner rig in a high-velocity 0.5 ppm salt environment at 2150°F. See Application at Fig. 4. 
Yet, other embodiments in the rejected range of about 8 to 18 wt. % Pt that likewise show an 
expected life of less than or equal to 3.5 hours have now been rejected as allegedly not capable 
of achieving the "desired results." Specifically, embodiments having about 8 wt.% Pt and 24 wt. 
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% Al indicate the same performance as embodiment having about 18 wt.% Pi and about 20 to 
26 wt.% Al. Yet, the Examiner has determined that certain embodiments having this identical 
performance display "desired results," and yet others have not. 

Applicant did not represent in the application that 18 wt.% Pt was a critical lower 
limitation that must be included in the claims. Applicant respectfully requests that the 
application as filed shows that an embodiment having a relative life of less than or equal to 3.5 
hours fell within the scope of the claims of the invention, and that information would be 
conveyed to a person of ordinary skill in the art based on the original specification including the 
claims and also Fig. 4. Applicant therefore requests that this rejection be withdrawn in its 
entirety. 

Applicant submits that the original application as filed supports the limitation of claim 47 
of the plaiinum-aJuminide region (intermediate phase) having "an average nickel concentration 
of about 50 to about 60 % by weight." The original application indicated that the platinum- 
aluminide region comprises aluminum and platinum which contents "are very high adjacent to 
the surface 31, and decrease into the platinum-aluminide region and into the substrate 32." 
Application at p. 7, line 30 to p. 8, line |. Further, substrate components make up the remainder 
of this plarinum-aluminide region, which according to the disclosure are primarily nickel, cobalt, 
and chromium. See Application, page 3, lines 8-9, 25-26; page 8, line 30- page 9, line 1; claims. 

as is well known by persons skilled in the an of aluminide and platinum-aluminide 
coatings on nickel-base superalloys, one of the two primary mechanisms involved in the 
formation of u diffusion coating is outward substrate element diffusion, primarily nickel 
diffusion. See C. W. Goward, D.H. Boone, and C.S. Giggins, Formation a.pd Degradation 
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Mechanisms of Aiuminide Coarinp « ™ NiriH-Basc Superalloy*. Transactions of the ASM, Vol. 
60, 1967, ai p. 237: see also G.W. Goward, Current Research on the Surface Protection _ qf 
Si meraltovs for Gas Turbine Engines , 38 Journal of Metals, October 1970, at p. 37. Copies of 
these references are attached for the Examiner's reference. The authors noted that, "the other 
major alloying dements [other than nickel} are virtually stationary and are involved only 
secondarily in the diffusion processes." Id. at p. 238. The diffusion ataminide coatings that were 
studied were pack cementation aiuminide coated on Mar-M200, and comprised 66 wt. % Ni, 14 
wt. Al, 7.1 wt. % Co; 1.3 wt. % W; 5.7 wt. % Cr, and 1.4 wt. % Tl Id. Mar-M200 is anickel- 
buse superalloy having about 60 wt. % Ni. 10 % Co, 9 % Cr, 12.5 % W, 5 % Ai, and 2 % Ti. Id 
at p. 228. Thus, it is known to those skilled in the an that aiuminide diffusion coatings include 
Ni concentrations at a higher level than the relative Ni concentration in the alloy substrate due to 
the preferential ouiward migration of Ni as compared to the other alloy components to form the 
remainder of the composition of the diffusion coating. Thus, Ni will make up a greater weight 
percentage of the remainder of the composition of the platinum-aluminide region than its 
presence in the bulk substrate alloy. Its weight percentage as a portion of the remainder of the 
platinum-aluminide region will necessarily be higherihm its weight percentage in the bulk 
substrate alloy. 

Here, Ni h presenx in the expressly disclosed nickel-base superalloy substrates ai 48 wt. 
% (RN6); 63 wt. % (RN5); and 69 wt. % (superalloy composition disclosed in original claims 7 
and 13). In addition, Applicant expressly noted that the coating of the invention could be used 
on other nickel-base alloy substrates which have other compositions. Application at p. 6, lines 
23 to 25. 
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as noted, the components of RN6, or RN5, the third exemplary alloy, or any other 
nickel-base superalioy make up the remainder of the platinum-aluminide region. In claim 47, 
total wt. % of Pi plus Al ranges from about 26 % to about 73 wt, %, leaving the components of 
the bulk substrate composition to make up the additional about 27 wt- % to 74 wt. %. Even if Ni 
migrated into the platinum-aluminide region to make up the remainder of the composition at only 
the same rate as the other alloy components, Ni would constitute up to 36 wt. % on RN6 
substrate (74% of 48%); to 47 wt.% on RN 5 substrate (74% of 63%); to 5 1 wt. % of the 
platinum-aluminide region composition on the substrate of claims 7(c) and 13(c) (74% of 69%). 
However, Ni preferentially migrates out of the alloy substrate into the diffusion layer at higher 
rates than the other alloy substrate components. Therefore, one skilled in the art of aluminide, 
and platinum aluminide, diffusion coatings would know that the Ni concentration in the diffusion 
coating can exceed 36 wt. % on RN6 substrate; 47 wt.% on RN 5 substrate; and 51 wt. % of the 
platinum-aluminide region composition on the substrate of claims 7(c) and 13(c). For other 
nickel-base superalloys, such as TMS-63 having 72 wt. % nickel, the Ni concentration in the 
platinum-aluminide region will exceed 53 wt. % (74% of 72%). 

Here, Applicant claimed that Ni is present in the platinum aluminide region at about 50 to 
about 60 wt. %. Given the expressly disclosed substrates and the disclosures of the prior an, 
Applicant's claim is fully supported factually, and Applicant respectfully requests that the 
rejection under 35 U.S.C. § 11 2, first paragraph for failure to provide support for the claimed Ni 
wt. concentration of about 50 to about 60 wt. % be withdrawn. 

It is also stated in the Office Action that the limitation "so as to be non-stoichiomeiric . . 
." is not supported in the original application as filed. However, once the range of Ni 
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concentration m the platinum-alurrunioe region is established, it is a matter of calculations to 
ascertain thai the aluminum and nickel, or aluminum and platinum compounds are 
nonstoichiometric in the substantially betaNiAl phase plaiinum-aluminide region, or 
intermediate phase. 

The application as filed specifies that the complex formed in the platinum-aluminum 
region is a single phase, substantially the p NiAl phase of the nickel -aluminum compound. See 
Application, page 8, lines 18-21 ; page 9, lines 3-4- In such a phase, Ni and Al are, by definitiun, 
present 50%/50% on an atomic basis. An equiaiomic structure of Ni and AJ necessarily contains 
31.5 weight % Al as can be shown by calculation: atomic weight of Ni = 58.69; atomic weight of 
Al = 26.98; atomic weight of NiAl = 85.67, with 68.5 wt.% Ni and 31.5 wt.% Al. The claimed 
Al levels as set forth in claim 47 are 1 8 to 26 weight %, or less than 31 .2 weight % Al. which 
necessarily means that there is insufficient Al in the platinum-aluminide region to form 
equiaiomic NiAl. Thus, AJ is nonstoichiometric in the platinum-aluminide region in a NiAl 
crystal structure. 

This Al nonsioichiometry is also necessarily present in a platinum-aluminide region that 
includes both NiAl and PtAl. When Pi is added to a NiAl compound, ihe Pi atoms replace Ni 
one-for-one in the crystal structure. For the maximum claimed Al level of 28 weight % in the 
platinum-aluminide region of claim 47, with the Ni content maintained between 50 to 60 weight 
%, the Pt must necessarily range from 12 to no more than 22 weight %. On an atomic basis, 
resulting Al levels would then necessarily range from 48.9 to 51.8 atomic %, or levels that are 
nonstoichiometric (cither greater than or less than 50 atomic %). 
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Thus, Applicant respectfully submits thai the limitation that the intermediate phase of Al, 
Pi, and Ni is nonstoichiometric relative to intermetallic compounds of aluminum and nickel, or 
aluminum and platinum, is supported in the application as filed. 

Finally, it is stated in the Office Action that the limitation in claim 47 of "oxidizing the 
aluminide layer . . is totally lacking support in the application as filed. Oxidation of the 
surface of a platinum-aluminide layer to provide a protective aluminum oxide scale prior to 
addition of a ceramic layer in a thermal barrier coating system is well known in the an, as is 
disclosed at page 2, lines 14-15 of the application. The formation of an alumina layer prior to 
depositing a ceramic layer has long been known to greatly improve adherence of the ceramic 
layer to the bond coat in thermal barrier coating systems. See e.g., Duderstadt et. al.. U.S. Patent 
No. 5,238,752, col. 2, lines 9 to 13. col. 3, lines 7 to 9, col. 6, lines 45 to 50 and lines 55 to 59; 
Nagaraj ei. al., U.S. Patent No. 5,427,866, coj. 4, lines 20 to 26; Strangman, U.S. Patent No. 
4,321,311, col. 3, lines 61-65, col. 4, lines 41 to 47, col. 5, lines 53 to 57; Ulion et. al-, U.S. 
Patent No. 4321,310, col. 4, lines 50 to 54; Application at p. 9, lines 13 to 15. Thus, since one 
skilled in the art at the time of the filing of the application knows that the Al in the metallic layer 
underlying the ceramic layer would preferably be oxidized prior to deposition of the ceramic 
layer to improve udherence of the ceramic topcoat, the rejection for lack of written description 
should be withdrawn. 

Also, an annealing process is disclosed at page 9, lines 6-12 of the application. The 
Examiner has explained that "the annealing step on page 9 in no way suggests an oxidation " 
Office Acrion at p. 8. Applicant respectfully submits that annealing processes are well known in 
the art as typically performed for protective coatings, as is disclosed in the application. Further, 
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me annealing procedure typically lakes place in a vacuum condition. However, even under the 
vacuum conditions for typical annealing, sufficient oxygen is available to form an alumina layer 
from the aluminum on the surface of the protective coating under the temperature and time 
conditions of 1800°-2000°F for 14 to 2 hours given in the application. Applicant respectfully 
submits thai one skilled in the art would perform the annealing step under typical vacuum oven 
conditions in which sufficient oxygen would be present such that alumina would form on the 
surface. 

Further, as explained in the Dudersiadt reference, the alumina layer forms during "normal 
preheating of the coated substrate prior to deposition of the ceramic topcoat." Puderstadt, col. 6, 
lines 55 to 59. Duderstadt expressly notes that no additional step is required to form the alumina 
layer because of the fact that alumina forms rapidly upon healing. ld_. Further, Strangman 
discloses that the alumina layer can be formed after deposition of the ceramic layer, especially 
for zirconia based ceramics as are disclosed in the application. Strangman at col. 6. lines 65 10 
68. 

Here, coupling the knowledge mat formation of an alumina layer is desired for ceramic 
layer adherence; that a typical annealing process in a vacuum environment contains sufficient 
oxygen to oxidize any aluminum on the surface of the platinum-aluminum region at 1800° to 
2000 °F; and that alumina is formed on the surface of the coated substrate during the preheating 
step of the ceramic deposition. Applicant respectfully submits that the claimed limitation of 
oxidizing the platinum-aluminide layer to form alumina is disclosed in the application as tiled 
and satisfies the requirements of 35 U.S.C. § 1 12. first paragraph and that this rejection should be 
withdrawn- 
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Claim 73 

Although Applicant is unsure whether claim 73 was in fact rejected under § 112, first 
paragraph, in good faith Applicant will address the issues raised in regard to claim 56 in the 
context of claim 73. Here, claim 56 was rejected for allegedly not providing support in the 
application as filed for the limitations of values of greater than 24 to 28 wt.% Al and 8 to less 
than 18 wt.% Pi (now found in claim 73 after amendment on April 3, 2002). Applicant has fully 
addressed the reasons why these limitations are fully supported in the application as filed with 
respect to the arguments above given for claims 8 to 10, 12, and 13 and claim 47, and 
respectfully requests that this rejection be withdrawn on at least those same grounds. 
Claims 89 to 94 

Claim 89 was similarly rejected on the grounds that the limitation of claimed "'values of 
greater ihan 24 to 28% aluminum and values of 8 to less than 18 wt. % platinum and the claimed 
average nickel concentrations . . . [are] totally lacking in the application as originally filed." 
Claim 89 is a method claim for forming a platinum-aluminide surface proximate to the surface of 
a nickel-base superalloy substrate, and includes the limitations of "about 18 to about 28% by 
weight integrated aluminum content, about 8 to about 45 percent by weight integrated platinum 
content and from about 31 percent by weight to about 74 percent by weight integrated nickel 
content." As discussed with regard to claim 47, Applicant respectfully submits that Fig. 4, along 
with the discussion of Fig. 4, discloses that the rejected weight concentration ranges of aluminum 
(24 to 28 wt.%) and platinum less thun about 18 %) in the diffusion layer may be used- See, 
eg.. Fig- 4 (disclosing aluminum weight ranges from about 1 8 to about 31 % and platinum 
weight ranges from 0 to about 4S weight %); see also Application, page 9, line 24, through page 
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10, line 2 (discussing that the region of significantly improved performance for plaiinum- 
aluminum regions has an integrated aluminum content of from about 18 to about 24 percent by 
weight and an integrated platinum content of from about 18 to about 45 percent by weight, 
although "fojutside of these limits, protection afforded by the surface region decreases.") 

Further, given the claimed weight concentration ranges of aluminum and platinum, the 
disclosure of the balance of the nickel concentrations necessarily follows. As discussed with 
regard to claim 47, the application, as filed, states that the substrate components make up the 
remainder of the surface region. In addition, as discussed for claim 47, nickel preferentially 
migrates into the platinum aluminide layer (or surface region) over the other alloy substrate 
components. See also Application, page 3, lines 8-9, 25-26; page 8, lines 1-4, lines 30-31; 
claims. The nickel concentration in [he platinum aluminide layer can thus range from about 27 
weight % to about 74 weight %, based on Al plus Pt weight concentrations totaling about 26 
weight % to about 73 weight %, assuming substantially only nickel migrates from the substrate 
into ihe aluminide layer. 

This range of weight % Ni is further supported by the specific examples of substrates 
disclosed starting at page 5, line 23 through page 6, line 10, which set forth a range of nickel 
content of exemplary substrates of about 49 to about 69 % by weight nickel In claim 89, given 
the limiiaiions on weight concentrations of aluminum and platinum and the disclosure that the 
remainder of the diffusion layer is made up of the bulk substrate composition, migrating 
elements from the bulk substrate composition must necessarily make up from about 31 % by 
weight to about 74 % by weight of the diffusion layer (as determined by adding together the 
lower aluminum and platinum weight concentrations and also the higher aluminum and platinum 
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weight concentrations). As the Ni preferentially migrates over the other components of the 
substrate, the weight % of Ni in the aluminide layer will rise to the point where only Ni migrates, 
which is 31 to 74 weight %. The fully disclosed nickel concentration in the platinum aluminide 
layer in the application is thus about 27 up to about 74 % toy weight, and completely supports the 
limitation in claim 89 of about 31 to about 74 percent by weight Ni. 

Thus, Applicant respectfully submits that the application, as filed, supports the disclosure 
of 24 to 28 wt.% aluminum, as low as 2ero, and certainly 8 weight % platinum, and about 31 to 
about 74 weight % nickel in the platinum aluminide region. 

For all the reasons set forth above, Applicant respectfully requests the withdrawal of the 
claim rejections for claims 89-94 under 35 U.S.C. § 112, first paragraph. 

IV. Double Patenting Rejection 

Claims 8-13, 16-18, 47, 73 and 89 to 94 have been provisionally rejected under 35 U.S.C. 
§ 101 obviousness-type double patenting us that of claims 8-13, 16-18, 47, 71 and 87-92 of 
copending Application No. 09/244,578. 

Applicant acknowledges this rejection, and will amend or cancel claims 8-13, 16-18, 47. 
73 and 89-94 or file a terminal disclaimer pursuant to 37 C.F.R. § 1.321(c) for the later of these 
two applications to issue if this rejection is appropriate at that time. 

V. Claim Rejections under 35 U.S.C. § 102(e) 

Claims 8-13 have been rejected under 35 U.S.C. § 102(e) as allegedly being anticipated 
by Murphy, U.S. Patent No. 5,716,720 ("Murphy"). The Office Action rejection apparently is 
based on the premise that col. 3, lines 55-58, col. 4, lines 5-19, col. 5, N5 substrate in the 
examples, and the claims of Murphy necessarily describe the invention in a patent granted on an 
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application for patent by another (Murphy) tiled in the United State* before the invention thereof 

by Applicant. Office Action at p. 4. 

Applicant respectfully submits that the cited reference does not anticipate claims 8-13 as 
amended. Specifically, independent claim 8, from which claims 9 through 13 depend, has been 
amended to clarify that Pt diffusion is separate from and performed prior to Al deposition and 
diffusion, which distinguishes Murphy over the claimed invention. 

"A claim is anticipated only if each and every element as set forth in the claim is found, 
either expressly or inherently described, in a single prior an reference," cit ing Verdeflaal Bros, v. 
llmnn Oil Co. of California , 814 F.2d 826, 831 (Fed. Cir. 1987). 

No mention is made in Murphy of depositing a layer of platinum upon a substrate surface 
and diffusing platinum from the layer of platinum into the substrate surface, in a step separate 
from aluminum deposition and diffusion. See Murphy, col. 2, lines 45-51 ("The platinum 
modified diffusion aluminide layer preferably is formed by depositing a layer of platinum or 
alloy thereof on the substrate ana chemical vapor depositing aluminum on the platinum covered 
substrate under high temperature and low aluminum activity conditions to form the inner 
diffusion zone and the outer intermediate phase region.") Also see col. 4, lines 25-28. In fact, 
the process disclosed in Murphy expressly does nor diffuse platinum after the platinum is 
deposited on the substrate surface in a step separate from aluminum deposition and diffusion. 
See Murphy, col. 4, lines 45-48 ("For example, generally, the substrate is electroplated with a 9- 
1 1 milligram/centimeter squared platinum layer (e.g. 2 mil thick Pt layer) and then subjected, 
mihout a Pi prediffusion ireatmeni, to CVD alumini2ing • - .") (emphasis added). 
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Since Murphy does not disclose each and every element as set forth in independent claim 
8 as amended, Applicant respectfully submits that Murphy does not anticipate claims 9-13 and 
requests that this rejection be withdrawn. 
VI. H-S.C. $ 103 Rejections 

Claims 8, 10-13, 16-18, 73, 89-94, and 1 12 have been rejected as allegedly being obvious 
pursuant ro 35 U.S.C. § 103(a). Applicant respectfully submits that these claims, either as 
amended or as originally filed, are not obvious over the cited references because the cited 
references do not show either (1) that the references teach or suggest all the claim limitations in 
each instance and/or (2) a suggestion or motivation to modify the references or to combine 
reference teachings. 

A. Claims 16-18 and 89-94 over Murphy 

Claims 16-18 and 89-94 have been rejected under § 103(a) as being allegedly 
unpatentable over Murphy because, although "Murphy does not explicitly disclose the aluminum 
source activity as recited in claims 16 and 87 [sic] . . . Murphy discloses deposition at low 
aluminum activity conditions at col. 4, lines 25-30 which one of ordinary [skill in the an] would 
consider to include values in the claimed range . . . Therefore, use of the claimed aluminum 
values would have been obvious absent evidence showing criticality of using these values over 
other "low' activities." Office Action at page 4. Independent claims 16 and 89 recite, inter alia, 
providing a source of aluminum having an activity of about 40 to about 50 atomic percent as 
measured in a pure nickel foil, and depositing aluminum onto a substrate by using an aluminum 
source having the same aluminum activity. 
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Applicant respectfully submits thai Murphy does noi render independent claims 16 and 
89 as amended obvious because Murphy does not teach or suggest all the claim limitations, 
specifically the claim limitation of a heating step following platinum deposition on the substrate 
surface separate from and prior to aluminum deposition onto the platinum layer. The process 
disclosed in Murphy expressly teaches away from the step of diffusing platinum after platinum is 
deposited on the substrate surface separately from the aluminum deposition step. See Murphy, 
col. 4, lines 45-48 ("For example, generally, the substrate is electroplated with a 9-1 1 1 
rnilligram/ceniimeter squared platinum layer (e.g. 2 mil thick Pi layer) and then subjected, 
without a Pt prediffusion treatment, to CVD aluminizing . . .") (emphasis added). Thus, since 
Murphy does not leach or suggest each and all the claim limitations of claims 16 and 89 as 
amended, this reference does not support a primu facie case of obviousness. Further, this 
argument extends to claims 17-1 8, dependent from claim 1 6, and claims 90-94, dependent from 
claim 89. Applicant thus respectfully requests mat this rejection be withdrawn. 
B. Claim 16 over Shankar 

Claim 16 has been rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable 
over Shankar, U.S. Patent No. 4,501,776 ("Shankar") because, "Shankar discloses the claimed 
process at col. 1 , line 50 to col. 2, line 4 1 , with the exception that the ranges for the process 
conditions taught by Shankar overlap the claimed ranges." 

Applicant respectfully submits that Shankar does not disclose or suggest each and every 
limitation of claim 16 as amended, and therefore claim 16 is patentable over Shankar. 
Specifically, claim 16, as amended, contains the limitations of "providing a substrate having a 
nickel-base superalloy substrate bulk composition," "providing a source of aluminum in contact 
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with the substrate surface, the source having an activity of about 40 to about 50 atomic percent as 
measured in a pure nickel foil," and a "substantially single phase platinum-aluminide surface 
region," which limitations are not disclosed or suggested in Shankar. 

Initially, the protective diffusion layer of Shankar is a two phase coating in contrast to the 
single phase surface region of amended claim 16. See Shankar at col. 2, lines 16-20; Figs. 2, 3. 
For this reason alone, the invention is not obvious under Shankar. 

In Applicant's specification, nickel-base superalloys are repeatedly referred to as a 
preferred substrate. See, <Lg., Application, page 2, lines 27-28; page 3, lines 4-5, 17; page 4, line 
1 ; page 5, line 20 to page 6, line 25; page 9. line 2 1 ; claims, Abstract. Shankar, however, 
discloses a method of forming a protective diffusion layer on nickel, cobalt or iron base alloys. 
The lack of disclosure of a nickel base superalloy in Shankar is contrasted by Applicant's 
disclosure that "this improved performance [of the platinum-aluminide coating] is particularly 
important for these advanced single-crystal nickel base superalloy substrates . . . diffusionul 
effects are accordingly more important." Application at p. 6, lines 1 1 to 18. The Jack of 
disclosure of process conditions in Shankar is underscored by the fact that Shankar produces a 
two phase diffusion layer while the platinum-aluminide region of the invention is substantially a 
single phase. Applicant noted in the disclosure that the processing conditions determine "the 
amount of aluminum transferred to the substrate and diffused into the substrate" and that 
"preferred processing produces an activity of between 40 and 50 atomic percent in a pure nickel 
foil." Application at p. 7, lines 13 to 24. Thus, the lack of disclosure in Shankar of the process 
conditions of the iuvenrion, in conjunction with the different structure of the product of Shanltar, 
shows that any overlapping ranges disclosed in Shankar do not render the invention obvious, in 
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light of no teaching that changing the processing conditions would result in the substantially 
single phase claimed invention rather than the two phased layer of Shankar. 

Since Shankar does not disclose or suggest each and every claim limitation of claim 16 as 
amended, Applicant respectfully submits thai this reference cannot support a prima facie case of 
obviousness. Such criteria include a showing that the reference teaches or suggests all the claim 
limitations or a showing of a suggestion in the an that the reference should be modified to 
include all of Applicant's claimed limitations. For at least these reasons, Applicant respectfully 
requests this rejection under 35 U.S.C. § 103(a) over Shankar be withdrawn. 

C. Claim 17 over Shankar in view of D uderstadt 

Claim 17 has been rejected under 35 U.S.C. § 103(a) as allegedly unpatentable over 
Shankar in view of Duderstadt U.S. Patent No. 5,238,752 ("Duderstadt") because. 

"Shankar lacks teaching of EB vapor depositing a columnar structure ytuia stabilized zirconia 
TBC . . . However, because Duderstadt discloses that deposition of such TBC on platinum 
aluminide coating by EBPVD provides the advantages described at col. 5, lines i-10 (abstract, 
col. 7), it would have been obvious to have deposited the TBC to achieve these advantages." 
Office Action at page 5. 

Applicant submits that claim 17, as amended by claim 16 to include the limitation of a 
substantially single phase platinum-aluminide surface region, is not rendered obvious over 
Shankar in view of Duderstadt for at least the reason that neither Shankar nor Duderstadt 
discloses a substantially single phase platinum-aluminide region. As mentioned previously, 
Shankar discloses that his diffusion layer has two phases, and Puderstadt does not address the 
phase of the disclosed platinum-aluminide. However, Duderstadt does present an example of a 
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platinum aluminide made according to the invention on a Rene N5 substrate, where platinum 
was electroplated and aluminum was deposited by pack cementation. Duderstadt at col. |0. lines 
9 to 15. No processing conditions were provided. The coating was designated as Chromalloy 
RT 22. A comparison to the cited Conner ASME reference discloses that the Chromalloy RT 22 
coating is a two phase coating. See. Conner at p. 3. Thus, there is no teaching in Duderstadt that 
the platinum-aluminide made in mat disclosure is substantially a single phase, and such a 
substantially single phase coaling is also not inherent according to the sample provided therein- 

In the rejection, no objective basis was established for combining the teachings of the 
references; instead, a selection of helpful portions from each reference was made while ignoring 
ihese unhelpful portions that disclose a two-phase platinum aluminide coating. 

Also, neither Shankar nor Duderstadt disclose or suggest the activity limitation of the 
aluminum source as set forth in amended claim 16. from which claim 17 depends. In fact, 
neither Shankar nor Duderstadt disclose any limitation on the activity of the aluminum source, 
and therefore each and every claim limitation of claim 17 would not have been suggested to a 
person of ordinary skill by even the improper combination of the cited references. 

Applicant submits thai each and every limitation of claim 17 is not disclosed or suggested 
in the died references and withdrawal of this obviousness rejection is requested. 
D. Claim 18 uv «" fthanfrar In view of Wukusick 

Claim 18 has been rejected as allegedly unpatentable over Shankar in view of Wukusick 
«/., U.S. Patent No. 5,100,484 fWukusiek"). It was stated in the Office Action that Shankar 
teaches nickel-based alloy turbine substrates but does not disclose the contents of aluminum and 
rhenium. However, claim 1 8 was rejected over the combination of Shankar and Wukusick 
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"because Wukusick discloses that substrates with the claimed components are known alloys for 

use as turbine pans, it would have been obvious to use such conventional substrates with the 

expectation of their being effective for turbine substrates." Office Action at page 5. 

Again, Applicant submits that the amendment to claim 16 to add the limitation that the 

platmum-aluminide coating be substantially single phase overcomes this rejection because the 

cited references do not disclose each and every limitation of claim 18, and respectfully requests 

withdrawal of the same. 

E. Claims 73 and 112 over Conner in view of Duderstadt 

Claims 73 and 1 12 have been rejected as allegedly unpatentable under 35 U.S.C, § 103(a) 

over Conner et. ai.{Evaluation of Simple Aluminide ami Platinum Modified Aluminide Coalings 

on High Pressure Turbine Blades after Factory Engine T esting - Round 77) in view of Duderstadt 

because, "Conner discloses the claimed process . . . with the exception that Conner does not 

teach depositing a TBC . . . Application of a TBC would have been obvious in view of 

Duderstadt." Office Action at page 6. Applicant submits that claim 73 has been amended to 

include the limitation that the diffusion aluminide layer is substantially single phase and 

therefore most of the examples of Conner do not discloj>e a single phase platinum aluminide 

coating. Conner does disclose a single example which indicates a single phase as the MDC- 

I50L coating. Conner at p. 3. However, the MDC-150L coating concentration gradient of Pi 

and Al which is depicted in Fig. 3 shows that the Pi concentration does not decrease with 

increasing depth into the aluminide layer from a high value adjacent to the surface, as required 

by claim 73. Instead, the Pt concentration gradient increases for about the firsi 25 microns of 

distance from the surface, at which time it begins decreasing with increasing depth. Conner at p. 
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4, Fig. 3, MDC-1 50 on SC Alloy. Finally, neither Duderstadt nor Conner discloses the weight % 
ranges of Pi and Al set forth in claim 73. Claim 73 recites a Pt concentration from about 8 to 
about 45 wt. %. and Al from about 18 to about 28 wi. %. In contrast, Duderstadt has no 
disclosure on the composition of the platinum aluminide coating in terms of wt.% Pi or Al, and 
none of the examples in Conner disclose Pt concentration up to 45 wt- %. 

Thus, neither of the Conner or Duderstadt disclosures discloses each and every limitation 
of claim 73 or claim 1 12. For at least these reasons, Applicant submits that claims 73 and 1 12 
are not obvious over Conner in view of Duderstadt and that the § 103 obviousness combination 
rejection should be withdrawn. 

F. Claims 8. 10. 11. and 89.92 over Conne r in view of Shankar 
Claims 8, 10, 11, and 89-92 have been rejected under 35 U.S.C. § 103(a) as allegedly 
unpatentable over Conner in view of Shankar. Claim 8 has been amended to include the 
limitation that the plaiinum-aluminide surface region is substantially a single phase. Claim 89 as 
filed included the limitation that plaiinum-aluminide surface region was substantially single 
phase. As argued previously, Shankar does nor disclose a substantially single phase diffusion 
layer. Conner discloses only one example that may include a substantially single phase surface 
region, ihe MDC-1 50L coating. However, claims 8 and 89 include the further limitations that 
xhe Pt concentration is from abom 8 to about 45 wt. %. Neither Conner nor Shankar discloses a 
Pr concentration gradient of about 8 to about 45 wt. Further, neither Conner nor Shankar 
discloses or suggests the annealing limitation of claims 10 and 92. 

Applicant submits that claims 8 and 89, and dependent claims 10, 1 1, 90, 91 and 92 
rherefrom, are not obvious over Conner in view of Shankar for at least the reason that these 
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references do nor recite each and ever* limitation of independent claims 8 and 89. Applicant 
thus respectfully requests that this rejection he withdrawn. 

G. Claims 93 and 94 over Conner in view of Shanka r and further in view of 
Duderstadt 

Claims 93 and 94 have been rejected under 35 U.S.C. § 103(a) as allegedly unpatentable 
over Conner in view of Shankar and further in view of Dudersiadt because, "[application of a 
TBC would have been obvious in view of Duderstadt for the reasons set forth above." Office 
Action ixi p. 6. 

For the same reasons given above. Applicant submits that claim 89 is not obvious in 

view of these references because none of Conner, Shankar or Duderstadt discloses the range of 

wi. % of Pi, the substantially single phase surface region, or the processing conditions as 

claimed. Claims 93 and 94 depend from claim 89. Because these references do not disclose 

each and every limitation of claim 89, they do not disclose each and every limitation of 

dependent claims 93 or 94. Applicant thus requests that this rejection be withdrawn. 

H. Claims 12 and 13 over Conner in view of Shankar and fur ther in view of 
Wukusick 

Claims 12 and 13 have been rejected under 35 U.S.C. § 103(a) as allegedly unpatentable 
over Conner in view of Shankar and further in view of Wukusick because, "[ujse of [he claimed 
substrates would have been obvious in view of Wukusick for the reasons set forth above/ 1 
Office Action at page 6, 

For the same reasons given by Applicant above regarding amended claim 8 7 these 
references do not dUclose each and every limitation of claims 12 and 13 because they do not 
disclose each and every limitation of amended claim 8. Specifically, these references do not 
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disclose the processing conditions, the range of Pt wt. % concentrations, or that the platinum- 
aluminide surface region is substantially single phase set forth in amended claim 8. For at least 
these reasons, Applicant submits that these references do not support * prima facie case of 
obviousness and requests that this obviousness rejection be withdrawn. 
VII. CONCLUSION 

Applicant submits thai the application is in condition for allowance and respectfully 
requests entry of this amendment and a notice of allowance for all the pending claims. Should 
the Examiner determine that any further action is necessary to place this application in condition 
for allowance, the Examiner is kindly requested and encouraged to telephone Applicant's 
undersigned representative at the number listed below. 

Applicant authorizes the fee of $920.00 for a three month extension of time to be 
deducted from Deposit Account No. 50-0206. 




Nancy J. Flint ^ J 
Registration No. 46,704 
llll Brickell Avenue, Suite 2500 


Miami, Florida 33131 
Tel. (305) S10-2522 
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AFPENP1XA 

Marked up Version of Amended Claims 
8. (Twice amended) A method for preparing an article having a platinum-aluminide surface 

region, comprising xhe steps of: 

providing a substrate having a nickel-base superalloy substrate bulk 

composition and a substrate surface; 

depositing a layer of platinum upon the substrate surface, thereafter; 

diffusing a platinum from the layer of platinum into the substrate surt'ace a 
[hereafter; 

providing a source of aluminum; and thereafter 
diffusing aluminum from the source of aluminum into the substrate 
surface for a time sufficient to produce a substantially single phase surface region 
at the substrate surface, the surface region having an integrated aluminum content 
of from about 18 to about 28 percent by weight and an integrated platinum 
content of from about 1 8 to about 45 percent by weight, balance components of 
the substrate bulk composition. 

1 6, (Twice amended) A metho4 for preparing an article having a platinum-aluminide surface 
region, comprising the steps of : 

providing u substrate having a nickd-base superailoy substrate bulk 
composition and a substrate surface , thereafter ; 

depositing a layer of platinum about 0,0003 inches thick upon the 
substrate surface , thereafter ; 


Received from < > at 11115/02 5:56:1/ PM [Eastern Standard Time] 


U -15-02 06:04pm Frora-HUNTON AND WILLIAMS 


T-037 P. 37/62 F-035 


PATENT 

Attorney Docket No. 13DV- 13434 

Page 34 

heating the substrate and layer of platinum to a temperature of about 1 800- 
2000"F for a time of about 2 hours , thereafter ; 

providing a source of aluminum in contact with the substrate surface, the 
source of aluminum having an activity of about 40 to about 50 atomic percent as 
measured in a pure nickel foil; and simultaneously 

heating the substrate surface and the source of aluminum to a temperature 
of about 1925-2050T for a time of from about 4 to about 16 hours to fopn a 
sutvcTamiallv single phase plarmum-alunrinide surface region - 

47, (Twice amended) A method of forming a thermal barrier coating on a substrate, 
comprising: 

chemical vapor depositing a diffusion aluminide layer on the substrate 
which includes a nickel base superalloy substrate under deposition conditions 
effective to provide an outer aluminide layer region comprising a substantially 
single phase solid solution intermediate phase and an inner diffusion zone region 
proximate the substrate; 

said intermediate phase including an average aluminum concentration in 
the range of about 1 8 to about 28 % by weight, an average platinum concentration 
in the range of about 8 to about 45 % by weight, and an average nickel 
concentration of about 50 to about 60 % by weight so as to be non-sioichiometric 
relative to intermetallic compounds of aluminum and nickel, or aluminum and 
platinum, said outer aluminide layer region being substantially tree of phase 
constituents other than said intermediate phase; 
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oxidizing the diffusion aluminide layer under temperature and oxygen 
partial pressure conditions effective to form an alpha alumina layer; and 

depositing a ceramic thermal barrier layer on the alumina layer, [; and] 
wherein said intermediate phase further comprises a surface, distant from 
said inner diffusion 2one region, and the intermediate phase include* the 
aluminum content and the platinum content which is relatively high adjacent to 
the surface and decreases with increasing depth into the intermediate phase. 
73. (Twice amended) A method of forming a thermal barrier coating on a substrate, 
comprising: 

chemical vapor depositing a substantially single phase diffusion aluminide 
layer on the substrate which includes a nickel base superaUoy substrate; 

said aluminide layer including an average aluminum concentration in the 
range of about 18 to about 28 % by weight and an average platinum concentration 
in the range of about 8 to about 45 % by weigm, wherein said aluminide layer 
further comprises a surface, and includes the aluminum content and the platinum 
content which is relatively high adjacent to the surface and decreases with 
increasing depth into the aluminide layer and the substrate; and 

depositing a ceramic thermal barrier layer on the aluminide layer. 
89. (Amended) A method of forming a platinum-aluminide surface region proximate 
to the surface of a nickel-base superalloy substrate, comprising: 
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forming a platinum layer at the substrate surface by a method selected from the gipup 
consisting of electroplating, sputtering and metallo-organic chemical vapor deposition, 
thereafter ; 

heating the substrate to a temperature of from about 1 800 to about 2000°F for a tijne of 
about 2 hours; and thereafter) ;1 

depositing aluminum onto the nickel-base superalloy substrate by using an alumipum 
source and diffusing said aluminum into the substrate surface at an elevated temperature; at an 
aluminum activity of from about 40 to about 50 atomic percent in a pure nickel foil, andifor a 
time of from about 4 to about 16 hours to form a substantially singte phase pJatinum-aluminide 
surface region proximate the substrate surface, said platinum-aluminide surface region 
comprising from about 18 percent to about 28 percent by weight integrated aluminum content, 
from about 8 to about 45 percent by weight integrated platinum content and from about 31 
percent by weight to about 74 percent by weight integrated nicjeel content. 
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Formation and Degradation Mechanisms of 
Aluminide Coatings on Nickel-Base Superalloys 
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ABSTRACT. tVf«»»^^* S ^-2~^ 

aMSC J»yw prixwOy bww- a* butt* ^^^^^^^^^^Z^a^- 

IJgWW Will W •WCr4aBBI PjOJtOBIF ft* ^■•Blar •WUHWJin 

wd with *» «< ipaBattoo « *» « 


Ths ACBsrntfXT of higher «wengtb» in wckd- 

lions baa generally been attained only a* the espem* 
of oxidation iwwuiwe. Ttebajc "^SLT?^ 
uot Nicbrome (80% Ni - 20% Cr) coropo«tiOO h*» 
riven way to raultipbaws lower chromium ofloya 
which oiidiie note rapidly by » o*»ber 

protective eoatinfi h»w ban ikTetaped which have 
Stow e4 the« »Q»yt to be uwd « bwber tampemuiw 
than potable m the uocoated condition. Ap- 
?TW \ntto fxuukd Bfemw » A* W <* l *J 
u> JSOO F mewl tcmperatuir*, have been »tt»m«J 
with coaiiop applied to wefcd-ba* wperolloye by 
relatively ample »lwni»i>in» techniqueo. 

Although aluminide. coated wperaHoy* ^ve Jew 
widely uaed for a number of yeara, v«ry UWe n» 
understood about the chemical wd metallurgical 
prooMKi which occur dura* the formation PM 
(jcKradaUm of th«K complex iywera*- The wpe- 
rkw hi^t-temperatore ondatioo reiatanee of toe 
ibtermetaUie compound NiAl, upon wfceh i «p 
alloy »|uounide eoaaaf* are bMad, iniheatCf w» 
further wnufirw* in^ioviwott « P*^***™ 
AouM bo pombk with th» da» of coaun&«- To 
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meridB a bam for such Unprovwnaita, deUpsd 
ItildiH have been qnderukeo ou the con^ewfioo, 
•mictarc and formation apd ^V*^"**™ 

naDcr urawnW rewlta obtained for oao «a«» v««o, 

on Mar-M200, a tyweal h«lwtren»Jb 
baaeayperaUoy. Although onjy one o>atwf»e*od, 
SSwSSate, are dewribed to tta papw, it h*» 

been found that th« procjpto »T°!^ ^E^Sl 
duonvo to mow, if nPt»ll f aluimwde eoattjwer- 

aQoyayaten* Tn* n*m« P«f^ 8erve i*^S^ 
»■ ,M for prediction of the behav»r of a "nccy 
of rdated «y«einB. 

fXPBUMMTAl FtOCatHJBfS 
Coupon* Qf aa^an Mj^M200 (compo«t« 00^ 

Sop procedure. C 1 ^^ ^ fo J^ b ^Sr?^ 
the ooupona in a wirture ««nw^J^*^^ 

io » sHcrtabk cootawcr in a laboratory lurmee m*m 
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for argon flushing during the «>*ting formation 
cycle. Cooling thickness is a functwu oj pec* 
composition and time and temperature of the h**u»g 
cycle. In general the* variable* were adjusted m 
ibis study to yield coatings of thickness suitable for 
the analytical techniques used u> determine structure 
»o4 composition. These ihicknesflee (2 to 5 nutt) 
fall within the range normally used for protection of 
gas turbine engine hardware. 

HLAT TtfATMfHT AMP CHOBATIOH 

To study the various composition and structure 
changes which occur during the lifetime of the coat- 
ing-alloy system, specimen* were » • 
variety of inert atmosphere and oxidative be»* tree*- 
menu in the range of 3W) to 2200 F. TWW 
treatments can be divided intotwo gsoeCTlcate- 
gories: (a) abort term, of the order of a few hours, 
either in air or inert atmosphere (argon), wtuen 
rv ntfr lig pi firft n ^ «■ h*ngea in thg structure aodrgwj)^**- 
tion of the coating but do not contribute si gnifkyit ly 
to its degradation; and Q>) long term, of the ofdar of 
hundreds of hours, in air which cauae further struc- 
ture and com position change* and eonwibme to 
dejradatioo of the system- Aecdefated orfjtioo 
in a high-velocity hot-gas stream was employed to a 
few cases to speed up the degradation wuuiwi - 
Since thermal cycling accetanUee oxidative d*sjrade- 
tjop, all extended aridanon heat treatment* B*ed in 
this work involved some mode of thermal cycling. 
If oxidation wea performed in a lab or ato r y furnace, 
specimens were cooled to room temperature once 
every hour. Dynamic toting involved wwlar 
times of thermal cycling. For the purpose of tbw 
study, no distinct ion between simple oxyf atmn a na 
accelerated oxidation in a dynamic eovnwnnent is 
necessary, since the phase changes oceur nng wttnia 
ihe coating are virtually identical for both prneeeeee; 
•mly the tune acale is different. By the same token, 
since the oxidative treatment* used do not neces- 
sarily reflect turbine engine operating conrttwrw, 
no conclusions should be drawn with respect to the 
practical lifetime of the particular system stuawxt- 

fttA* D0fWKAHOH AMP ANALTSsV 

Suitable* ectiona of coated specimena wise mounted 
w epoxy reein aad ground and polished wn«»iand. 
ard metatiegrapbic technique*. The unnl pouen 
was on nwro-clotb wheels using 0.1 » alumina in 
water. Two etchants were Used *■ follows: No. 
I. swab etch with a mature of 30 ml .each l of lactic 
and acetic acids, 20 ml of cone hydfochiosie acta 
and 10 ml of cone nitric sad; andNa 2,ixnm«won- 
etch in a solution composed of one pert each of H% 
aqueous sodium hydroxide and 
potamium permanganate. The fost «ch Oeftnes 
the atneral coating structure; the P pfteee ijnuuj 
etcheswhile V (NuAi) and y (Ni solid solutwo) am 
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bides in the coating and base alloy; M*C 
brown, M»C varies between green and pale blue 
SS^ I Wi. multicolored- Eketron nucroscopy 
ws» used for examination of a few ^^.^ 
sgnmcant additional itformation «a» obtained 
with ibis technique- . p 

Dtoribuuona of the major ^J~l 
W, Cr and Tl) in the coaung* w4 
**ermined with a Cambridge >Ucn*can electron 
p^nucroanslyter (hereinafter designated a» 
EPM). The incident electron beam w» operated 

it the fpecimen surface was m ai ntained « < * 
or las. %*J*t*tjv* swlyem «* 106 ***** 
were obtained from eketron bwdcasatter and x-ray 
^l^^preaenwtiv. arms of the nucrostruc- 
SSr Reh^eomwmasws* of *« etanentt are 
Sown by the contra* of fight and f**™*,** 
x-ray unages, with light arm contsspondmg to 
oil? cono^aoon- ^niUtive analyaa^ ofth* 
p£« were obtained by slow wanmng the Utm{ 
Across the coatmg-suhftrate composites. Chart- 
recorded etweentminn profikss exh^Ung tothf 
peas and background mtena^were obtamedfrom 
thVphasea traosveraed and from elemental stand- 

fractions of each element were corrected for matrix 
fjuoreasence and ahaorpwm effect, ttf yield values 
accuraus to within ±10% of the «n»un* P^ t ; 

Standard x-ray diffractiw (hswemafter (topwi 
M XRp) teehrnqom were employed for phase 
£»t£«ioninte ooatmga. Both Cuh.« sad 
Orl^radiat*nsw«refr^ 
ficatmn of the phase*. The surfaces of specimen*, 





Fio- 



SSQX. 


examined in the various openfed condition*. TO 
left undamrbed «w d» ««• of pn»nj»J 
were the outer metallic »nd owie layers- A number 
of «pecimen» wtre wbjecttd to x-ray dtfractiiro 
antlywB of nurfacoi io the pUne of the coating 
stepwise reroofal of measured amount* of coating «y 

gnnlnmn mr-iP"-"-"** °* <^mgi »cd «upptr»t«» 
were saute with a Leiu w«ofcm*n*» water « 
» Vicken. diaiawd u*k»wr under * 23* 
aaropje. were meulkifrBphially pointed »nd rt^ed 
w*Ho bwdnoi UMXiag. Four bardnc** 

fiom the eight *ago«»*J* wei* »«n«e«l to gn* » 
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■«> figure EPM etectrcro bactaeatttr *n« 

XJcTfor to* aim* ipediaen are abotra * 

MdqaMUUUv« aoalyii* d»» in Fig* *^ 
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CB) a***: IC) 


principally the KM«AU phase. Decreasing 
aluminum contents »nd raicronardneas values in 
the inner layers want » grtdually mcreastngpropor- 
tion of d(NiAl) phase to whexe this compound t> the 
sole matrix phase alamo* the 1 + T' H**"* of 
the substrate. An expected layer of /(NljAI) » 
either not present or a too thin to be detected by the 
analytical techniques usod- 

MC (rri,Nb,W)C) cerbidee (I), orig»i»0y present 
ia the matrix, we a!» present in tee coating ; these 
carbides occasionally extend, in diacoatinuowi chains, 
up to the outer surface of tb* coating. 

Tine precipitates, bardy resolvable at 130OX, €Wt 
tnrougbout the coating layer. Qualitstive EPM 
indicate* the prwenee of two discrete phases, one 
being rich in tungsten and the other in duomtunv 
XBD analyses on a plane ieetk>ned beat treated 
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■pecUarn (Fig. 7) indicate that the V***™* 
pha* » metallic tungsten containing l<Ho% 

&n» in solution ^^2*f»°» WI CT$ 
phase » apparently <r-oieW boW solution. EPM 
£m mdioite7tb»i att of the alloying element eon- 
rotratiooa, when corrected for aluminum duwoo, 
aie essentially equal to their concentration » the 
base aBoyi i-e-, that even though some of these 
deam tovt precipitated in *fJ»«^»T* 
matrix, they have tf^v4ymn^*£W J 
space «tormg the coatmg *^J*n?%Z& 
Ronttnjfocm precipitation, maouerted by vnmeat 
banding (F«- J), reflect mterdendritic «^*f£* 
of the refractory alloying ***** » coodtbon 
known to be present in as-east Mar-Maw 

EPM x-ray images and scans for W»f*f , chrom- 
ium end tjtmv 1 "" indicate a very wua i * pi 

of KttASM 
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APPROXIMATE WWHCCW 


layer of ennchment of iheae etementt at the co atioy 
suterrate wterfacc. This layer ia barely diaEenv 
ihle by optical microcopy and the pha«a prewt 
aw aa yet unidentified, 

smtMiMr ***r rturm 
AMp/ot oxna* cqjotiom 

Figure 4, 5 and 6 summarise the information 
obtained for relatively short-time heat treatiwot 
and/or oxidiaed specimen* of pack cementation 
iluminide coacinp on Atar-M2QO- The effeeta of 
the atmosphere of beat treatmeou neutral (arm) 
or oxidiaing are eweniiaily the aame up to 24 hr. 
Significant changes occur aa a remit of d iffn a wm 
interaction* during theae heat treatment* aa fal- 
low*: 

Short, high-tempemure (2 hr, 2200 Y) beat treat- 
ment converta the matrix of the coating from * + & 
phaaea to the 0 pbaoe; manifcatationa of thia wane* 
formation are the reduction in both aluminum content 
and nucrohardnesB. 

Refractory inetal-rich (tunjnea, chromium) pre- 
cipitates in the 0 cowing roatrut eoaratn with Mat 
matron* ; th* ia be* illmtrued by the mere*** 
fluctuation* ia the EPM nM for thete derneat* 
(Ha> ft). SiniUr fluctuation occur »a the nwefo- 
hardness pfofile*. 

A foae, gradating from » region of lower precipita>- 
tioo dmeity to eaawtially complete »baeoce of pre* 
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dpitaU* («waJkd denuded aone), appears aathe 
result of beat treatment. Tha tone wa» found to 
contain essentially no tungsten and to have relatively 
low hardness. 

Bdow the denuded ione, » complex layer con- 
sorting of a variety of bard partidet derdopa. h»l 
scan* indicate tha layer to be hi*eniBje»eou»y nen 
ia tungsten, chromium and to a lesser extent, nta- 
uhira. Stain etching with alkaline potawmm per- 
manganate (Etch No. 2) reveals aTanety of phase* 
in thia layer; the pretence of at lean wee cSffereat 
types of carbide* ia in gg rstrd . 

X-ray diffraction results from l aiir cawiv ely deeper 
plane* in the coating, obtained by «cpwT» dertro- 
poliahing of a specimen that bad bom endued 1 for 
2* hr at 2200 F, arc presented with the conwponding 
planar rrucroetructurea in Fig. 7. 

In the outer layer, Section A-A , a-*wB»tea 
particlee eontainini up to 13% cbroowum ro solu- 
tion and -r phase nickel solid *oiuw» P»«ku* 
oontainiof large amount* of chiomhim J**?" 
tied. The upper pan of the den u ded anno, oecuoo 
B-B', ia ft phase containing a few oHui^atw par- 
ticle*. The bulk of the denuded aone -^"i^ 
.pure 6 phase, free of second pbaae parwetas. The 
hard particle layer wh deterwoed I to eootatn many 
DbeatT MC (Dpobably TrO and M-C. ear*** 
were identified ia the upper part of the layer^ rbde 
the « carbide M«C was identified » the lower part 
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heat treatment ** 2200 F. Such beat tn*ttwot W 
» ob*ervaUe effect on MC carbides in the subetme 
(I). 

ammw omATKm cotcroo* 

Figure* 9 through 13 *ad Table 1 www 
typical ftrocture ml compoeiton information on 
■pecimea* of pack cementation aiuminide coated 
Mer~M2pO that have been oxidised for extended 
period* of time at 2200 F. 


T4IUL 


AX 
Co 

w 

Cr 
Tl 


I 3 
47 
I 4 


81 
10 * 

7 2 
10 4 

1 1 


Fio- *• _ _ 


of the layer. Section C-C', and below. The matrix 
io all planar aectiou wu identified •* tbefl pha*e- 

The general effect of increasing time at lemperv 
ture ia Uluatrated in Rg. ia end b. Microbardnc* 
continue* to decree**, the previously docribed 
phaaea become more pronounced and grain growth 
tain proton*. Grain (frowth ia initially inhibited by 
the groin boundary precipitate* *nd subsequently 
accelerate* at the precipitate* dimojve. Figure 8 
illuitratee what i* Utfcved to be the gradual diav 
flotation of MC carbide* in the coating layer with 


The principal retained oxidatioo product* are 
AljOk and NiM/h- 

Tbe fine tunpten and chromium-rich precipitate* 
completely dwlvcd in the coating in a relatively 
obort time (25-40 hr). 

A thin layer of coating oo the outer surface ha* 
been degraded in aluminum contwt to the 7 wcket- 
beae aotid a^ution ph**e. The nett underlying 
layer ia the V phaae »0oyod with cobalt, tungsten, 
chromium and titanium. 

The middle, and thickeet, layer of the coating 
eonMte of large grain* of aftwyed » mter*per»ed with 
alloyed y', the former <fecit»*ng and the latter 
increaong in amount with time at temperature. 
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fto-t Hmi— llMHfW. 

1M% 


ffQl HI ♦ 
data pbw jifmafti (or pact 



Partition equilibrium of alloying etemctite hai been 
attained between theee two pha**, with the y* 
pbaae having the higher *Qoy content. The high 
partition of tungrten to this phase m worthy of note- 
A (hint phftw, particularly evident in Fig. 9b nod 
10, coonaung of froeU tunpten rich particle* uwftJly 
in the y' field » aleo discernible in thia Iftyer of the 
coating. While thii pfeftee ha* not at yet torn 
identified, it* attain etching cbaracterietice and high 
tunptea content miggwt that it ia elun a carbide. 
The phaee ie no longer present after vary long Uwm 
(20O br) a* temperature; it it probable that it (fir* 
eoivce in the y' pfaftee. 

The coating Uyer nen to the mbetraie Sill 
cootaiea a variety of hard pbaeea, which have «*- 
viourty been identified m carbide*, along with ft 
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mixtuttofltnd y', with the Utter pbejepitdptoinatr 
ing with extended time *t temperature The mor- 
phology of the carbide phe** vane* with t tune at 
teroperfttute, ae Oluetretcd in Fig- *> c 
KPM dau euggeeta that the very Urge hard ptaee 
of the type shown »Fig-9ft»ndlOiiaM^car- 
tmte, containing W, Cr, Co »d NV 

An acicular phaee, tortftttvely identified on the 
be* of EPM d*U and eum etching ehertcterwtwa 
ae»nMfC carbide conTammg wihetantial itfnoqnte of 
tungaten, fom* un*r the coating » ^ eubatmc. 
The depth to which thii pb** * fownd mensem with 
* time *t temperature, iua»r^^tbaiti»fg»»»** 
iteult of inward diffoaoo <rf alununnm- SPM w* 
on ft •peeiinm pwtiaed for 300 hr at 220D F, Fig- tt, 
indicate that the alnrninwm content of the eyatem 

2M 
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decreases from U% at the inner mrface of the fi 
phase to 5%, tbe level normally preeeut in tbe sub- 
atnie, at a depth of 6 to 8 milt- An oppowte 
gradient of tunsrteu anwentmiou to tbe woe 
depth i* alio apparent* 

Further oxidation simply continual tbe prosrenon 
of phftfte change* p?evioaai7 described- Figure 13 
iUustmee tbe typical appear**** of * coatinf near 
tbe end of ite protective life. The 8 phtm ha* 
completely disappeared bom tbe tyiteiu; tbe re- 
ruaininf phaaea io profrwoa from the aurf ace are 
alloyed y (nickel aolid aulutioo), ajjoyed V and 
alloyed 7 + y' *t the aubetrate. Remnant* of 
refraetory metal carbide* nsnam in a diacontinuoua 
layer below the 7' layer. Tbe particle* have apberovd- 
iaed and their appearance augpcvU that tbey are 
gradually dbaolviog; indeed, mieiaatnieuuea of 


\. CT) out**; (0> aWX. 
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ondiaed for looter perioda of time show 
tbat theoe earbidta 4ia*>lve completely in tbe matrix. 

DISCUSSION 
CGAflNG IOMA?10N 

AU aluttaiiwi ooottog procesasa operate by 
expo-tag tbe mrtm* of the wbstrate alloy to a phase 
of bigber •bwuoum activity tbao that of tbe baee 
material. Tbe surface pbaee of tbe coated alloy 
must utrr—nly have tbe name activity »• tbe 
atamanim wrce pbaas of tbe coating raedwm. 
equilibrium eondioone bang nwnmc id- For toe 
preeept am, the indicated owfoce pbaat for tbe 
particular pack cementation mixture and tempera*' 
uuc (1600 Y) ueed ia tbe i (NitAW pbaee. Tbe 
nature of the procew of tranafer of tJummBro town 
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the park medium to the alloy lurfws, while obecure, 
probably invotvee the formation of oo aluminum 
chloride, by reaction of aluminum with HQ from 
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aluminum activity of this syitem ie 4iftcult, if not 
imimtmH^ but U in apparent that thie activity is 
equivalent to that of the observed suffice phase, 
f (NHAW- wfe*e ph*«* will be observed 

for various different coating condition*. Decreasing 
the aluminum activity of the coating medium, for 
esarople by alloying the aluminum, w gl caus e the 
formation of surface phaeol of lower artivity eucb 
as the & (NiAJ) phase- Surface pbaec* of tower 
titnm mi iTP activity can also form aa :he aluminum 
activity of the pack mix decreases with time because 
of eooeumptiou of aluminum by coating formation, 
or dcctetkm of the activator by v dttiliTarioru 

The next important cousderatiM i» (be nature of 
<&ffivio& process* iovolvid in the I ormatiou of the 
cDttjo* Two limiting caeee, toward aluminum 
tithm** and outward eubetrate ciemm* (predom*- 
naotly nickel) diffusion and ett combination* of tboae 
arepomble* Tt* psremetar* that 4etcr- 
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mine the nature of the diffusioo proeeeees arc the 
artjvitieo and diffusion coeftciente of alurnrouni 
and mckel (it will be demonstrated that the other 
major alloying dement* are virtually ™i on «fy 
and involved only secondarily m the amnion 

^wT'natural marker*, the MC [<Ti,W,Xb)C) 
carbides and the refractory aQoymg element, allow 
a straightforward determinaw* of the diffuawg 
species for the system wcfcr study. „ T *rt 
nnauna, uhwtreted by *> 2, indicate that MC 
carbides are present threughout the coatwg- E£M 

analyse* of the W^y^«*^ w i W ;S' C ?r 
TO, when normalised tor ehunwuin .dfluwo, «• 
dkate that these dements are presem m the «atmg 
in the same proportion and eoneortrawon « «* w 

substrate alloy. It i* *^T^2^L£rL£: 
*nc*l« *ould diffuse outward, all aft the asm* raw, 
during the abort, low-temperature coewaf cyrte 
STlt must be eoududed th»tth» coating » 
formed by predominant inward difr^nof <durar 
num Artificial marker espcrnnenta, wvolvwg the 
etectrodepanUon of a thin (5 #) layer of mcta*- 
A1A o/the alloy «»*»•* by tnttapr^tdectro- 
pbiing and subsequent alumwnng, confirmed tb» 
SSSaion. Microscopic ^ 5«£ 
ing revealed that the erufianl inerker wee on the 
outer surface of the coating a* the eompJejion of the 
aluminising procena- Whae predominant wwar4 
aluminum diffusion occurs for this pellicular «»ua* 
S, the rwerse proem P***"^^ 
diffusion, and intermediate piuuaann. can also occur 
for other coating eonditkH* Thai «ubji*r wulbe 
covered in more detail la** » th- disown after 
other significant feature, of the «»«« d ^*l 
The presence of the tungsten and ehronuam neb 
pJ«de?oEfved in thTee^ffsj. },% 
STSaybe explained on the ew*of ****** 
of these eknWu » either or both of the 0 and ► 
oickel-aluminwn phase*. .T^P^f«£^™^ 

convert the co a ting w w»a^»^ . . 

explanation of the preswea of 
baked on limited snlubwW W m ?* 
recent NWA1-W phase du^ajmUabte.* S»« 
roilable phaie diagrams for K»-A^ 3) 
connicting. the situation w*h regard tnj <*f>™»2 
Mobility ia not yet etonf. The aheence of a- 
Simiw and the pretence of r**kd ~W 
t*m aoggefte thai chromium * preaent * high 
IScen^inthelatterph-e. ^»°£3g 
with the co-e*i»tenee of and y m the Ht-MrCr 

umg^^uwwuia (-"d^bly titan- 
ium) rich UyBr at the ooatmg substrate interface 
ml 3and3) ia a manifestetwi of the small but 
finSe Lnouot of outward nickel «fu*n» that must 
occur during coating foimatmo. Sew tungsten, 
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cbrenuum and titanium are virtually watkjnaryat 
ST low temperamre of .^S*™^ 
thcae elementa must be enrtehed by mckd depjftion 
ooUiTwbWrat* «ck of the interface. Such co- 
rictimenl "w b* regard m a precureor to the 
formation of the abow deecribed «-wn|«« ™* 
chromwn-rieh ru»±«* aoW «oluwm 

Tbc maaJfoitatiooa of outward 
are more dearly ffluatratod durmg 
or inert atiawmere he* ^tmen» » 
3000 to 2300 F. The high aluminum * c tjv«y_ l »* 
cMuaed predominant aluminum duTuaMn durmg the 
SSSj fonwUion »»o* no longer preamt and m 
S„( outward cJafuBoo of njeW oorui* 
aSig in magnitBcfc a» the almmnnm actmtyorthe 
^Uy«fVa«r»a» with time- The ongutal 
mttarfaof «a at the plane of ciionuum*un»*m 
SSSnt and the atammum aouree 
fSE or bypcraiD^uometnc ^^^^ 

of the diffoaioct reactioa are hypoftoKn»rfle»w (t 
OrSf) abovTSie oria^interfaceCdenud^j^ 
Kw^tad a band of refractory metal bard pbaeae 

below the original mjorface and nntti « the anbrtrate. 
The net reault ia ultawJWed m Fig. 4av* »»d ». 
-tC -fneMcy metal herd pnaaea have been tenta- 
^ y id^Li».^W«rbid«^ 
Sc,Mw5 end Mf-Jhe mecha^J of formapon 
of these carbtdea Invdhvee enrichment of tungnen 
fandtitaniuSwd to a leaaer extent chromrum, 
T> ^SJSd deplete «d suba^tor 
Snultaneoua reaction with «arbon withdrawn from 
^ Bubatrate by outward diffuwon from » depth 
SJi^iuPPly the required amount of tin* 

S*e form of denudation of 

UHmdaSTw » depth of +4 mil* haa been observed 

^^TclSn wEreDoya during smflar coatmg 

2C^TthkVlaji* uonewts of the a aabd ^tiooof 
^rSac^JvXySX^t m flluatreted m Fig. 

l %dow the carted. h*er, a thin layer* 
M of cobalt and dMomium ia cW«J ^» 
JS«). Thi.Uytrn»etH^ b «f 0 ^^ n,eW 

oftwASM 
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denudation «od beck diffwkm of these two elemenu. 
Corresponding enrichment of tuugtten and titanium 
» not obeyed, apparently because these elements 
are immobih^ by cerwde formation. . 

TWloTconte* of the 8 (NUU) pba* •» the 
denuded tone, shown in Fig. d, depend* I on i :we and 
temperature of the beat treatment. For the case 
Smed. there hw been negligible ddTi»ou of 
Lgsteu, bot significant dif ttson of cbommm and 
titanium fcto the tone m would be expected. The 
compontbn (low in tungsten) w l?^ n * 
cipitaua corresponds to the relatively tow hardness 

>Ul £*£S£*tf mentioned, t^aUve diffuaioo 
rates of nickel and aluminum observed during the 
formation of this coating are «P*ifi« fo ^J**!"2£ 
condition* of coating roedmm ^ny***? 2*!2£ 
pe»tureu>d. Tfc* rate, eao be altered by chjangnj 
eUber or both of the eomposrtwn of tt»«H»i 
medium andtempera^e- Forcx»»^,pr«toounMt 
outward niekd diffusion can be canted by tbeuse of 
> coating mtdtirm of reUuvdylo* «^^***"* 
at a lugher temperature, Figure 15 Olunrau* a 
c^tinTfoTOed at iziW P from a pa* cementation 
nurture umg Ni«Ah a* the aluminum touree. 
Predominant outward nickel ififfuwon » mawfestert 
by a relatively thick carbide Uyerand an »owM 
Uyert^ofasciwdarypnaam. EPMf^*^^ 
that the outer layer contawa aan» cobalt, chwmmre 
and titanium in ac«fdan«^ b^d#u»on 
ratea of these elements at the higher tetnneretore 
used for coating formation. Tungaten cootxau*- 
tion in the layer » ^uahingiy small te»««cj» 
low aolubOny in the 0 phase and lower driruswn 

^ Initial work by Monaon and rNHJock (*> on the 
pack cementation eluminising ptoeem for coating 
^iclcdWtothecoiiclu^thatthe<«^>^ 
of the coating* are formed by outwardd«t»on of 
nickel. Tto was deduced from the <>basrva*Do of 
a dense TbOi layer under the coating. Tbatden**- 
ficSou i» the remit of outw«d nickel d*u*on 
which concentrate* the Thd » a layer, owreraj 
conditions kad to predominant outwar* »ww 
<itfu»oo in the particulv * 
nickd. The moat inmortent ^J^^ ^ 
Diekel activity of unalloyed TD-nickd, the tow 
(1-5%) aluminum content* of the eoeung me** £od 
the higher temperatom used for 
It it intemtmg to note that ™dfomat»no«WTed 
in these coating* on TD^uckel- Pwsumalily U*r 
voids are farmed by coodennation oMwno» 
produced by outward *n^»on of «»J™J 
formatioa appeals w be »hinced by the I»eaa^ 
of the TfcO, partwh* m T&^J «ul oc^ 
but to a less* extent in unalloyed w^W- Artho»«J 
the pos»bflity of void formation m higWy ■Wff 
tystems cannot be ruled out, it hat .not y« ^ been 
found in any of toe lystems observed m the present 
■tudy. 
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From the above considerations it foUowi t hat any 
of the total spectrum of possible diffusion nraeewee 
between the two estiwoipradontiiiant wekei *J* 
Dredomintot aluminum difftwoa can be cauwd Ito 
S2uVb7^»iatJ«» of the coating, ineo^andtem- 
SSire. In addition, predomwant "ward*^. 
mmum diffusion foltowen by Bjcxeaarog degrees ol 
outward niekd- diffusion can occur during a taste 
^^^^7Sm aluminum ^"JH 

eSinTmeSmm derressei with ^.^ t * m P e *~ 
bTSwumpUn of either or both of the alnmrnumt 

TV n^ehauismt described are "dequi^ tosc- 
count for the variety of "»«2S^J23E! 

eJummide coatings lynthesued ^'T^Z^S?? 
of the pack cementation method. Cotnpowuoo, 
and to alesaW extent, niornboio^ of 

£ accordance with its alloy content and »»««5 ro ?~ 
ture. Minor ascondary c4ement »^^ i » cb " 
Sicou or chromium, to the coating medium my 
sroduce minor alteraoons » eompoBtion ano aw- 
KtT above principles ^'f^^ ^ 
addition, the same mechanism* wul ^applj 
oSerttating procejse*, such as hot dmpmg, ttarry 
^gnS^rdepsiSon Cboth ctomcal sn4 phy> 

ini etcTUiat cause resetions of «J^»» * ^ 
Sttnwich materiali with the surface* of alloys at 

•^SSe^JofSrwerm heat tr«atn^wh^ 
cJS Wmto lonrterm wodation beat tre*tm«t 
^^dissolution of MC carbide* m the alummum- 
ricT eoetmg IS. 8. Phyeieal "«*gwgy **J* 
ScaVthit MC earbtdes in Mar-W^ Asanlve 
JaSSy in the alloy over a tempffsenre raop> of 

q^vemtheriogeof20Q0»2a^4^»j^ 
SmZat treawint (1). The mochaniam □f jhe 
«fissnlut«Ni in the ahnniauro-fua 
- L^ana^StoZapOFhasno^^ 

««yg^ extent. Ith- ^ 
aoJrjng carbides are eurmunded by _ ™JZJ£ 
parently V phase, contained m the 0-pOase a**** 
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This suggest* that the driving tore* for dissolution 
10 appropriate substitution of the carbide dement* 
<Ti, Nb, W and C) in, and resultant stabilisation of, 
the y' structure. 

COARNG OMtAnAffO* 

Under idealised conditions, pun nickei-alummum 
alloys in the d and 0 + 7' region oxidise according 
to & parabolic rate law to form * protective layer of 
AlA * The AlA layer, however, baa a tendency 
to spall under thermal cycling condition* such as 
those used during thi* study. In a practical, 
highly alloyed system, represented by the subject 
coating, the primary oxide initially formed m also 
AJ/V The spalling tendency persists in this ayitem 
with the result that aluminum in depleted from the 
coating at a greater rate than would be predicted for 
iaothermal condition*. At some point, determined 
by the particular oxidation conditions, insufficient 
aluminum ia present at the coattng^nde interface to 
cauae singular formation of AlA, More complex 
oxides, such aa the spittd NTAJA and NX), form and 
the depletion rate of aluminum increases becauae of 
higher maaa transport rates in these oxide* than in 
AltOf* The net result of depletion of aluminum 
from the coating ia a reversal of the original coating 
process with the progressive formation of phase* 
lower in aluminum than the original fi phaae. Figure 
9 and 13 tUuatme thia progression with lime; the 
relative amount* of y and y' pbaaee increase at the 
expense of the fi phaae. During thia process, a 
complex and incompletely understood three-phase 
(fi~y 9 — ?)*yitemexieta in to coating- The bulk 
of the alloying element* tend to partition to the t'end 
y phase*. 

% The mechanism of nudeatioo end growth of the 

V phaae in the 8 phaae in a roughly columnar mor- 
phology (Fig. 9) during degradation ia obscure- 
Ideally, a continuous Isyered structure of y, y' 
and ft sequential from the surface mwmrdr abould be 
observed. Approximation* to thia idealised *troc- 
ture have been observed in thia study during de- 
gradation of systems of lower alloying dement 
content. Pure nirkrl. aluminiatd and oxidised, 
even more closely approximate* the ideal structure. 
These observation* euggpst that oudeation of the 
7' phase in the highly aUoyed coatmgon Mar-M300 
occurs preferentially in those region* rich in alloying 
dements. Such region* can be the refractory metal- 
rich precipitates observed at grain boundaries in 
the outer coating layer. Additional localised enrich- 
ment ia caused by interdendritic segregation during 
casting of the alloy and i* reproduced in the coating 
since in this case the coating is formed by predom- 
inant inward diffusion of aluminum 

form in the highly alloyed r' regions, aa illustrated ' 

' *» ^^^^^^ ^J^jdsft^a stveasst^^s a^ ^i^^b^^As^^^^^^^B 
A&uyt •» Twpirwm B>lipi 8QO pa4 1SB C r f u l wiiiii i l for 
poU»twa m Trw AIMS 
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in Fig. 9 and 10. These particle* and the carbides 
of the refractory metal carbide Uyer at the coating 
substrate interface tend to spheroidize and eventu- 
ally dissolve with time st temperature- MC car- 
bides originally present in the coating, dissolve 
completdy within shout » hr at 2200 F. 

The end result of the degradation process ia 
illustrated in Fig. 13- The fi phase has been com- 
pletdy consumed tod the system consist* of an 
alloyed y layer on the surface with the 7 - y' 
structure of the substrate beneath. The 7' panicles 
of the substrate hive coarsened a* a result of the 
prolonged heat treatment at elevated temperature. 

Because of the highly slloyed multiphase nature 
of the costings, spurs** «de reactions, such as 
localised accelerated stuck, are to be expected sod 
are indeed observed from time to time* Since these 
are random process**, differing in frequency and 
character for each *»tmg *U°y •ytem, they will 
not be further discussed m th» paper, 

toss of aluminum from the costing by inward dif- 
fusion to the substrate ia email in comparison to 
surface loss for this system. An approximate esti- 
mate, baaed on the data presented in Fig. 12 is that 
about 10% of the atsmmum content of a 3-jail 
costing ja tost to the sshatrste by diffusion in 200 
brat 2300 F. The msgnitnde and importance of this 
loss of aluminum will, of coorse 7 in<^ea*e expo neiitially 
with temperature. Hie major microstructural man> 
featatioo of inward sbpuinum penetration in this 
system at the temperature studied ia the precipita- 
tion of an scienter mptea-rich carbide phase in 
the substrate. 

Aa with coating formation, the above described 
mechanism* of a^gradatmn are adequate to explain 
in s general manner, the oxidative degradation of 
moat, if not all, slumiaide coating-superalloy system- 
The major process is simply oxidation of a fi (NiAl) 
matrix- The process proceeds at different rates 
for different coatiftg*Qoy systems and different 
oxidation conditions. Conditions that enhance the 
removal of AJ*Oi {and other secondary oxides) from 
the surface will accelerate the a^&T»datkw processes. 
Additions that decrease the spoiling tendency of 
AUO*, sod perhaps aim promote its formation in 
preference to otter possible secondary oxides, will 
slow the degradation process. 

MsMAtY 

Studies of a modd coated superalloy system, con- 
sisting of a pack cementation aluminide coating on 
M*r-M200» have c iT i hrwrirrl typical mechanisms of 
formation snd oxidative degradation of such systems. 

In thai specific model, the costing is formed by 
predominant inward o5ffosion of aluminum snd thu* 
the coating incorporate* many of the compositional 
and structural feasms of the substrate alloy. 
Sborvterm best treatment at 2200 P, in the absence 
of the high aluminum activity present during the 

Trmwodtensof **ASM 
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initial formation of tbe coating, cause* increasing 
outward diffusion of nickel and corrcaponcUnjly 
decreasing inward diffusion o! aluminum at the 
original coatiog-sub*ir»te interface* Enrichment 
of refractory alloying elements caused by the re- 
suiting nickel depletion causes formation of a layer 
of refractory element carbides at the coating-mi^ 
strate interface. More generally, it follows that 
coating formation can occur by predominant inward 
aluminum diffusion, predominant outward nickel 
diffusion or by any of all possible combination* of 
tbfitt two limiting cam depending on the relative 
activities of aluminum dad nickel in the coating 
medium-alloy sywem- The major oxidation-re- 
sistant layer of such coatings is primarily the 8 
(NiAlJ phase, modified according to the particular 
coating method used. 


Alumimde coatings are protective by virtue of 
formawm of a surface layer of aluminum oxide 
dunug oxidation. Thermal cycling causes apalling 
of this oxide and the system degrade* by removal of 
aluminum from the coating a* required to re-form 
the oxide Javer. The coating thus reveres sequen- 
tially from NiAl to NiAl + Ni*Al, NUAl + N't artjd 
fluxion and finally to a single layer of nickel solid 
solution over the substrate alloy. The latter phases 
tend to form o*ides that are leas protective than 
aluminum oxide and the system eventually revert* 
to oxidation in a manner characteristic of the un- 
ooated sOoy. The me of degradation is dependent 
on specific oxidation conditions aad wall al*> be 
modoauty different for each specific coating* 
alloy combination but the general principles wUJ 
still apply for purely oxidative proetaeea. 
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,r Current Research 
on the Surface Protection of Superalloys 

for Gas Turbine Engines 


INTRODUCTION 

The iwq major requirements tor nickel and cobalt- 
oase superalloys for me in the not section ol the 
aircraft gas turbine are nigh strc«xxb and r ^Utanrr 
to surface degradation- Over the past decade, in- 
creasing turbine inlet temperature* with the cor- 
responding increase in metal temperature* have 
caused % renewed interest in the problem of mam* 
taming surface stability of these alloys over long 
periods of time. Tniay feaper describe * our cjgjgnt 
understan ding of the/mcaiaiuW ^ surface 
radatkfl^ an^ <*«als with ^ r "*°^ sc * n ^ 
in g to more resistant matmais, jorormg gome 
to the dlkuawin ■uTck^bsic^terisl* are used as 
models; brief references to the parallel behavior of 
cobalt»ba*e alloys are made where appropriate* 

Exact definitions of the environmental condition* 
in the hot section of the gas turbine engine can lead 
to great complexity. However, for the purpose* of 
this paper this environment can be rather simply 
denned as a high velocity, high pressure, hot gas 
stream which is quite generally oxidizing toward 
the materials of interest. Further, this gas stream 
may fluctuate in temperature (heat dux) over wide 
ranges, and may, under certain condition*, contain a 
variety of iiwrganic *ait* (Ne, Ca, Mg, etc.) intro- 
duced by a variety of source* From this deunibon, 
three major factors contributing to the surface deg- 
radation of turbine materials can be denned. The** 
are oxidation, thermal fluctuation* and hot corroauin. 
luterreUtioo* among these win become apparent in 
the text which follow*. 

HISTORICAL 
Very simply stated, to the oxidation researcher 
the history of nichel-base supcraUoys is one of a 
gradual progression, over a period of about 90 year*, 
from essentially Ni-W% Cr alloy* to what may 
considered a* essentially W-Cr-Al alloys wtth a 
variety of other elements added for strengthening 
r purposes. In contrast, the oxidation base of cobalt 
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alloy* Gq-ZQ to ttfy Cr, has persisted, with the only 
known exception being the AiKenst series of alloy* 
wherein aluminum has been added for increased 
oxidation resistance. 

This is illustrated in Table I which presents a 
summary of the -old" and the W. The most 
interesting observation to be made about these data 
is the gradual decrease in chromium content of the 
alloys and the sometimes halting: but definite in- 
crease in aluminum content From the viewpoint of 
the metallurgist it is clear why this has h a p pene d— to 
achieve ever higher strengths at higher tempera- 
tures. It is interesting, however, to note the com- 
position of the last nicxel-base alloy in Table I; 
chromium content ha* been increased and aluminum 
content has been decreased. It might be concluded 
xhat the alloy designer was seriously dunking of - 
environmental effects when this alloy was form- 
ulated. 

For much of the remainder of this dis cu s si o n , 
reference will frequently be made to ~Cr& former*" 
and "AbO* formers". Referring again to the cocoposi- 
gen* in Table I the basic significance of these terms 
should be immediately apparent. 

OXIDATION 

Pure metals derive their resistance to a high tern* 
perature otHiTfrg environment by the formation of 
protective oxide acsles. If aU gees according Jo ' 
theory, these scales grow at a rale which decreases 
with thne, in many case* according to a parabolic 
rate lew- Tfcc great majority of practical systems 
are, however, highly alloyed and the important 
oxidation process in whet is generally termed 
"selective oxidation". This simply means tb*t* con- 
sidering the thermodynamic* of oxide formation, one 
of the clement* of these alloys is selectively oxidised 
to form its oxide, to the exclusion of formation of 
oxide* of those metal* with l***er afttoity for ^ygen. 
If the alloy is designed properly, the desired oxide 
forms a* an external scale instead of a generally 
undesirable internal subacale. 

All other thing* being equal, it *• preferred tnet 
the protective oxide increase in thickness at the 
lowest possible rate, Since the growth rate* of these 
thick (Urns are governed by difnt*c* of om or mot* 
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Table I — Typic«t euperelloy coropMitto" 
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ft is frequently proposed that allays be designed to 
"form spinel oxides* First principle caJcuUUaoi» how- 
It -^^^K ever, indicate U4t jt If very dilncuit to <k*ifn en 
^4 j^^^H alloy to form e spinal m the sole protective oxide, 
al ^^^V For example, such calculation* show that to form the 
ib ^^Hr «P*** NiCnO. on a Hi-Cr alloy, the dmimium 
.ie ^^^K activity in the alloy quia? be of the on to of to 
j^^^E, Ifr*. Tbi* activity corresponds to concentrations of 
is '*^^H: chromium in the parts per miHien range- Under these 
a* ^^H^ conditions, external scale formation would not occur, 
r- ^^^K bat rather a nonproteetiv* spinel subscaje would 
te ]^Hr form internally in Ac alloy. For mart cim where 
.ic ^HR; *Pinei formation U observed cm practical ailoyi, other 
W| oxidea arc promt and U must be concluded that »*» 
as H - tbe»e cases, with very few exceptions, fpinel forma- 
tion is pur*iy accidental sod is probably Mi bene- 
ficial. T%a formation of * manganeae-ehixHrdign oxide 
spinel o© Kl-Cr-sfn alloys is one' of the few exces>« 
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It ie concluded, and this may be mtidxfcl as 
stttutiim a rather puristic point of view, that for tbe> 
ultimate in high temperature oxidation ^stawee, 
supcralloys should be designed so that A**k i* tn* 
solo protective oxide tamed- More will be said later 
about bow this should be done; at this point it is 
useful to illustrate the practical and not so puristic 
benefits to be gained thereby. Kf- which comperes 
the behavior of B-liOO and Hastefloy X, clearly 
stews the enhanced mtidetion resist*** gwneJbj 
ALO. formatioo under both isothermal ami wx*Bmd 
rig oxidation-erosHm (hifh velocity fee stresun phm 
thermal cyclic) c«a«tians with a» eltey «MI 
taim substantial amouots of siummum- this is w* to 
aay that the oxidation resistance of th e particular 
alloy Ulustraud was deai«ne4 from ftnt P^^^Z 
the altey does form eeher oxides b«ides^Al^^ 
it u probaola that the alloy designer in tt» c*se cm 
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j»ve *** iO. M to what w« tttoi pto« ^ »*«ri » 
*i*> be *»t«* the* HwteBoy X doc b*w itt ptoctm 
the «*t*x* of thaw » c^bitt ,««ic«Uy 
option renter** op to 1800-r.For »ppu»w« 
above this temperature it » coetrf with « material 
that torn. AW), *» *• protectw o»de. 

The ftm prwopte which can 
detign nickel-baaa which ,om P"*** 7 * 

AkOi actio are Uwrtreted io Fif- 5, wWcb Jhow* 
ibe win* a»de» tMNl on *Uoy» m , "5™ 

S^d^W^r of ~t*in of » 
moderately temperaim* *cpe«dav BW W-£ 
aHoya with Al contents above »% for» Aift. 
below thia value ca mbm iti w <*« internal 
ten»l o»dauo» occur, Haary Ni-Cr »Boyt wrtbCr 

grater then about »% fomCrA? 
thia value interne! end external «^ tta V!^' T ^ 
mat important lad to that mow «4dittew of 

wuch ]ower rrwentfrtmn of etanwwn then *•* 

to^huVhavtar we the .object * ^^^"^ 
•t Pratt end Whitney Aircraft md pret»W7 «*«^ 

aD mt>pri»te eoRcentretfc* of •hwOnuw to • •°P« T 
SoTw lonwtton, it i» .ppereut that *e W 
minimum cbromhsn content molred U to the range 

requires underaUndto* of ^.f^^f^S. 
S «»emente, eucb a* W. H6, TV and Te. .^J^ 
^«^^topro^men«^«*«^- 
tiea behavior. Such motel "* to P™**** 
SictrfSet W and Mo WW be looadto be inentrel 
STwm be dtktork»i; no •»» «*» tor P^- 


cycle rtrofrlf the miftc* ol the »Uoy ~ 
^SSeTby wei^tto,,) ^•^•^^ 
tb« occur* under iiothen»l condm ^. A * "^t 
ooSt in cainpowtioo. which c» now be tw* 

p,^* to f«m MA ««- jota 
leti prataetrvc on4e» «*h m ^^rrTz^TL 
wXtornv The fonnttton of th«c 

JStiow conUininC retottv^y tow ****** «*" 

"SS^oi l^eving t-rtber In^-^nent^ 
JT^uttoa performwee of w A^tonato* 
S^WceTtobe untlizii^y Anple; that 
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(tie oxide should be made more adherent A* v 
ow Huriy well known, ihifcube dene by minor 
X&ciuooa of alloy cbenustty, although toe funds- 
■mentals of the process are not well nndrrttoort 
E^ows UK beneftcjel effect of P^^^ff 1 *"* 
■nde idHcw on e» AWVfomw* Ni-Cr-Al alloy 
Ry the addition of s traction of » percent of an active 
icta V The isothermal oxidation behavior of tfte 
Joy is not significantly changed but the cyclic 
stion behavior is markedly Unproved. "»*■ *•* 
ve element mvelvnd in this esse it yttnww— 
ilar effects on be obtained with other Group 

, f^fmmtt ud many of the rare earths. 

This general pheiw i m c non has been known for 
uny years, particularly for iron-base slloy*.* hut it 
i only recently mat its importanct to AlArt«un| 
* ind cobalt-base alloy* baa been fully «p- 
mi" Bwme basic u nd e manding of 
«j interface is at a relatively tew ieves, »e 
cbanism by which o»d* adherence i» enhanced 
r «ctive element additiona U the subject of «*- 
-rierable controversy. A variety of m tcbimim a m- 
tchidtog macro-^eggtog by internal oiM«in«t 
l effects, modifKitinn of inecnamcel ptopsrftes * 
oxide aeele, vacancy sink effects, and 
atomic bonding have been proposed to e^ain »• 
Bhsnccd oxide adherence observed. By a process « 
involving detailed raicrosmietursl 
nf the raeUl-P»de interface, the latter 
aanism, that it, enhanced atomic bonding across 
. metal-oxide interface, seem* to be the moat 
ScaL Tma nHrt"*V"* U quite tentative at una tune 
d a great deal of research remains to be dee* to 
.—plain this intriguing and highly practical bchaTtor- 
It ia believed that this general subject constitutes the 
Xt important type of oxidation research that can 
_ on frig qjaM <rf tnoytv 
. "Active development of practical alloys based 
[the principles of A1A formation and enhanced oHoe 
Adherence is now in progress. Urn alloy content, 
. pclycrystalhae sheet sltoyi baaed on the Nl-Cr-Al-Y 
competition, we to the advanced stages of devel- 
opment and will he reported on to detail to the near 

future. To date, the fractional percentage* o< yttrium 

•» 'fe^sWftK required to promote enhanred oxide adherent nave 
^becn found to cense no deleterious luwh i nir e l prop- 
^pjjjjjjjjjjjjj^ t_ _rr_rtA he tK^Bjs} ■■misIjh mt0 tfrmpm WCWf**** 
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t^ue aUoys, the story * not » ^^^"f*^ 
of yttnum and similar acwve elements bavejeeo 
found to emously degrade creep-rupture PJop«^ 
SSnaW, th« y reeentiy developedj^^tal 
technoW for nickel-base suneralloy* provtdes s 
STS thi. problem; ***** fJ^TJ^ 
other reactive metals to properly dcMgnM 
oyrtal alloys cause no »s»if«nt degied«ionef 
^properties. Speohc stogie crystal ajysb«cd 
^5t^M-Y compoauon. with TajJ^ « i 
Sengtoentog additions wiU also be reported on m 

detail to the near future, <». 

As previously menuoned, nwet 
taslt-baae superelloys rely on the Co-» to 
base composition for ^.SUto 
resisUnce. Since sluminum does .fJTj^aS 
strengthening oh *ese *Qo7£» rt doeato^jV 
base materiala, there has been no ^ast 
oithe part of alley developera f M ****T 
Zoun JoTtlus element to cobettslloy*. The rjeenj 
developed AJJUau* alloys « ""^J^ 

ceptieT^ ^loy» tend **^ , ?^2J 1 
UfuHy expected that mere *E ' 
viU appear as basic research progresses w »*— . 
optimum eomposittons to the eystem. 

MOT CWRWWH 
Ifee third major faetnr contributing to toe surface 

«su£d.non". Space does not aJtow a eom- 
^ treetment of this important ^ject, but ere- 
P^Ton re»a»reh to P"^^S iSST! 
description of what ^SiTto the 

now generally accepted that hot Jf 
JSanVcoBtUt, w caused I»rto«f«y ^ 

potion of Ns^O. ^.^^^^L*c,?b. 
end other sulfates admixed w^ the N*» canoe 

of the model) • to. ^^13^S£ 
were." The compound N^.f S^L^brtiS 
from sodium compounds to the ^ ^ges^oy the 

engine and sulfur ^^J^^JS^JZ 
b^on products of sulfur wmtaromg ^ ™ 
"•T * ^ ^ .f mite from the mtersetion 
corrosion process, which T ** u ^^Z fa ^ t-w- o^ce 
of this molten N*SO. on the aOey aurta« tato* place 
by the toUowing sequence 04 _ 
(») la accord with *ojWwortineiD»» 
NaJO^VHiOcT «rst«m. toe nm 
wM ch form* ^ toe isspilitte 
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Removal of oxygen from the molts* medium 
by metal oxide formation produces ft fulfvrW 
oxygen ratio of sufficient magnitude to cauac 
formatoQ of metal suliidee (usually chromium 
sulfide), contiguous with or below the initially 
formed oil fir 
(c) Removal of sulfur Iran the molten Na«SO. 
medium increase* the concentration of oxide 
(O*) *oue m the molten layer, making the 
medium an excellent solvent for the normally 
protective oxide; tor example 

(4) Since no protective oxide ia formed under 
these condition* a linear (accelerated) oxide* 
tion pi octal irranet 
(e) When only a limited supply of Ke*SO. U avail- 
able, the molten medium at scene point 
saturates with respect to the oxide, a protec- 
tive layer of the uxMe re-forms and the ac~ 
eel era ted process terminates 

Oxide iona (O*) ere the be*ic component in the 
N*SO* molten salt system whereas SQ» ia the acidic 
component. At aofldeoUy Ugh SO* pressure* it ia 
conceivable that the molten salt can be mfpoentty 
acidic to alio dimolvt normally protective oxide * 
While thia mechanism buv not be inuxzrtant in the 
preaent context, a rtlattd p roces s, the continual 
production of acidic oxides such at MoCX from 
molybdenum in the alley itself may prevant the hot 
corrosion process from terminating That ia, hot 
corrceion* initiated by a relatively small single doee 
of Ha^O i may proceed to almost total dastructtar* of 
a fairly masxtve piece of the alloy. 

The accelerating effect of molybdenum ia clearly 
shown in Fig. 7, which Uhistrates the behavior of a 
practical alloy coated with a thin layer of W a^O> and 
heated to elevated temperature. Tha ccenptextty and 
•neain thirim n# tfc* »i~pn>tective r esctwm 
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A tenutivc explanation of the well known affect 
of chromium in inhibiting the hot corruamu poem 
appears to lie in the ability of the oxtfaa <* thia 
element to act in a •'buffering* capacity. That i* eft 
the beak Me Cr A may consume oxid* ifea to fcnn 
chrumate (CrfV) while on the add side, ctaoraete 
may contribute oxide ions to newtraUxe mere acidic 
specie*. In both caaoe, a neutral rrm fl am , more con* 
ducive to protective oxide formation woul d reault 
Attempta to rigorously prove thia relatively sound 
hypotheaia are the subject of cummt uuiaiih. 

The date presented m ?i* 7 also tend to todieate 
that aluminum acts in a bene««al manner alth«gh 
there ia some controversy on thia point** Also, while 
titanium has been identified aa a bcadWal etancnt 
in aome work,* the conSnnatien of Its effect in term* 
of the above described mechanism awaita furftcx- 


It has recentty been reported* that the addition of 
fractional percentages of the rare eerth element 
cerium to nickd-beae superalloya alao markedly 
Muts the hot eorroaion proem* Exactly bow thia 
inhibition ftta in the proposed mechanism fee hot 
corroakm attack ia not yet clear, and is alao the sub- 
ject of current research* . - 

It ia important to note that the teem «su«ldatie» f - 
is something of a misnomer with reapec* to daserip- 
tion of the total hot eorroaion p r o ce ss. Detailed ex^ 
perimenti have *own thai the more presence c€ 
sulfide* in superaDoys which contain aluminum doee 
not cauae the catastrophic attack e*e«rved wrtt* 
Ha*Qr M The major role played 1^ eulftde fcrmetkm 
in tbeee alleys appear* to be the reaultant incr^at of 
oxide Mm ceesccntratiat in the NtSCL 

COAT1NM 

It ia now common practice to 
protective coating to extend tbe 
the daas of materials under d> ann*wv 
ancr of aluminum In premottnff 
of thaae materials baa been dourly 


type of 
fttlrfftty of 
The import— 
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been pointed out that oxidative degradation involves 
\cu of aluminum, ai rpeJied AltO* from the alloy 
surtax Thus to uwnd suriacs stability or oaidatiQn 
resistance, the alloy \i amply prodded with a larger 
reservoir of aluminum. For sH contemporary coat- 
ins* this a achieved by reacting the alloy *urfece 
wub 4 source of aluminum to convert an appropriate 
ihicknew of the alloy (usually 1-4 mils) from the 
normal y + r structure and composition to an appro- 
priate structure and composition of higher aluminum 
content. The nickel-aluminum imermetalUc phase 
which has proved to be most suitable as a protective 
coating * fl(NiAJ), which haa a rather wide range of 
stoicbiometry. 

Extensive stupes on the structures and f ormati on 
mechanism* of these coating*," coupled with recently 
published basic diffusion mechanism* in the uickel- 
aluminum system* now allow a quite detailed de- 
scription of the properties of thia class of protective 
coatings 

For example, it is now known that only two banc 
types of these coatinf* can «ist °» w ctel-b ssc 
alloy* (these are shown in Fig *)■ These type* arm 
now described as, ant, the inward diffueion type* 
because this type is ffartttcd primarily by a tefoja r 
inward diffusion of aluminum into the substrate 
alloy, and second, the outward diffusi on typ e, be- 
cause this type it formed by singular outward dU* 
fusion of nickel from the substrate alloy Astbeee 
mechanisms of formation are bricty described, J* 
should be recalled that basic diffusion rtoAes by 
Jansaan and Week 11 have ihown that m tt* inter* 
metallic compound NhAU only alummum can move, 
and this at a relatively high rate, whereas in NiAl, 
only nickel can move and this at a relatively tow 
rate. , 

The initial mutt of the first process, mwaro 
aluminum diffusion, is illustrated in Fig* I. which 
shows a predominantly Ni*Al* coating formed by 
singular inward diffusion of aluminum This behavwr 
is thieved by regulating the aluminum activity of 
the appropriate pack cesnentetfem process so that the 
surface phase initially formed is Ni^k; this to ac- 
complished at essentially unit activity of abnnmum. 
Btitroprobc analysia connrms that only inward dif- 
fusion oi aluminum baa occurred; all alJoymg ele- 
ments and inicrostructuTal features of the substrate 
alloy are present in the coating. Since HUAV is too 
brittle and too low-melting for practical use aa a 
coating, the system is subjected to farther heat 
treatment, usually in the vicinity of HXXTF, to con- 
vert the coating to NiAL This beat treatment yields 
the coating structure shown in Fig- Se- 
ine following sequence of events occurs during 
the conversion of the Initial NUl coating to NiAl: 

(a) continued di*uafcm of AJ in the NUAi to meet 
and react with Hi from the substrate to form 
a layer of tfnH* phase NiAl— the axeDcd 
denuded sonc Ohastrated in Flf. l»; 

and 

(b) cnwttinuatlon of tWa process until AS can no 

1 < > at 11/1 m Vtt'17 PM IFaefom SfonrbrH Timrf ceettof SOPC; at tnis 


point the process of conversion of the outer 
cone then proceed* by singular nickel motion 
from the substrate. 
Removal of nickel from the substrate during these 
processes enriches the substrate in aluminum to a 
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concentration where a phase transfor mation from 
(r + >') 10 0(NiAl) occurs ud inotto layer of 
ibis phase (so-called interdiffuskm sene) form* and 
grows* also by nickel motion- Insolubility of most 
elements in NiAl causes precipitation of * variety of 
phases (carbides, aigme, etc;) in this sonc during its 
growth. 

To prepare the outward ditTiisrm type of coating, 
shown in ftg. 8b, the aluminum activity of the pack 
cementation coating medium is adjusted so as to 
cause NiAl to be the phase Initially formed. This is 
achieved by alloying the shimrnum with suitable 
amount* of other elements such as chrnmrarn» cobalt 
and nickel The coating then frows by outward dif- 
fusion of nickel from the substrata, through The 
growing NiAl layer to react witti aluminum at the 
external surface, n* interdiffua*Mi zone is formed as 
before, by nickel removal from the substrate. It is 
to be emphasised that then ex* no other types of 


NiAl costings within the range of our experience and 
practicality. Coatings made by two *trps. e.g., pre- 
chromuing and then alunnnizmg also fall into this 
system of classification. Although detailed ftudie* on 
the mechanisms of formation of CoAl coatings on 
cobalt- base alloys are not complete, research m 
progress indicates that in a general way the same 
types of mechanisms occur. 

These coatings degr*** according to the two 
general mechanisms previously described— oxidation 
accompanied by AlA spelling, and hot corroaio* 
Surface stability is extended beyond that of the 
substrate alloys because of the larger amount of 
aluminum available. Minor differences in perform- 
ance, usually caused by substrate element* and sec- 
ondary substrate phases included in the coatings can 
be observed, but in general an of these coaungs 
exhibit about the same lifetime for a given thick- 
ness and aluminum content of the coating. 

It has been widely speculated in the past that loss 
of al iTf^'tn by diffusion into the substrate alloy 
constitttca m major 4esr»d»tion mat* of thi* type <rf 
coating- This is a rather inaccurate generalization 
that does not always bold op when practical 
boundary conditions for use of the coatings are 
applied. Up to the practical upper temperature haute 
imposed by the strengths of the substrata^ all oys Jt 
has been found that under realistic dynadue-cyttic 
oxidation conditions, by fix the greatest to* of 
■frirn lTTH in Is by the oxide ipslWng process (or bed 
corrosion) with only a relatively small amount being 
lost to the substrate during the useful oxidation 
lifetime of the coatings.** This situation occurs be- 
cause of the low diffusion rates in the 0 (NiAl) , 7 and 
/ phases and also because of the parabolic rate laws 
governing the dffrnrifm p 11 ' Therefore, until 
the oxide galling lota is significantly decreased, the 
•earcn for so-called "diffusion barriers" does not 
make a great deal of senae. 

Tha effects of these coatings on the rocrn antes! 
behavior of the coating-alloy composite system are 
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rather wbtle," Witb som* qualifications, provided 
that the heating cycle* used for formation of the 
coatings and subsequent diffusion heating cycles we 
compatible with strengthening beat treatments ap- 
plied to the base alloy, creep behavior ia unaffected 
The qualiflcaUona Indnde due consideration of the 
ratio of coating to alky cn*a section; for thin alloy 
lection*, e.g., 20 mil* a* alloy, 3 mils of coating per 
aide, appropriate correction* muft he made to ac- 
count for the fact that the coating ia essentially non- 
load bearing 

The effect* of diffusion coatings on thermally or 
mechanically induce* fatigue cracking axe somewhat 
more profound- For example, aa expected NiAl 
coatings exhibit a brittlc-to-ductile transition be* 
bevior «# shown in Fig. 10. Alto, as expect©* the 
transition temperature ia dependent on the alumi- 
num content of the NiAl, decreasing with decreasing 
aluminum content within a limited range The result 
of straining a coating beyond iU ductility limit w elao 
shown in Fig. 10. Procedures for design of turbine 
blades and vanes must teta account of the* coating 

Obtaining improvements in the performance of 
thia dais of coatings, whOe at the same time main- 
uiniag reasonable cost effectiveness ia a difficult 
proposition. From the previous discussion of hn- 
provemcnta to be gained hr enhancement of oxide 
e Aerencc it is reasonable to assume that similar im- 
provements could be achieved in coatings. Un- 
fortunately, it can also be concluded from the dis- 
cussion of formation mechanisms of diffusion coat- 
ings that the incorporation of reactive medals to 
produce enhanced oxide adherence ia diflicult if not 
practically impossible. On the other hand, imfwwe- 
meats to hot corrosion resistance can be effected by 
incorporation of additional chromium in external 
layer* of the coating;- bat some decrease in oxida- 
tion resistance might be expected beceuao ttue 
chromium must be preeent aa a secondary ph***. 
Insoluble in NiAl. 
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deagn and synthesis of ideal coating exposition*— 
idealized or maxim i red in terms of oxidation and not 
corrosion resistance— applied to the alloy surface in 
a manner such that the coating competition is more 
or leu independent of , hut still compatible with the 
alloy. - Fig. 11 schematically illustrate* the? compara- 
tive behavior of thia overlay type of c ooing and a 
contemporary diffusion coating. The advantage of 
enhanced o*ide adherence is shown and it should 
also be inherently evident that other desirable de- 
menti* for resistance to hot corrosion, for example, 
can be incorporated in these coatings in a controlled 
manner The mechanical properties of these coating* 
can also be optimized along with oxidation and hot 
corrosion resistance, Aa higher temperatures are en- 
countered in advanced engines this advanced type of 
coating will displace the contemporary diffusion coat- 
ings to the lower temperature stages of the turbine. 
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